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Abstract 
 
Triacetone triperoxide has been synthesised for a range of experimental studies towards the 
reactivity, stability and gas phase metal complexation of the explosive.  
Reaction with transition metals was performed and a series of molten TATP experiments 
conducted at 120 °C. The effect of a molten state on the degradation, conformation and 
reactivity of TATP has been studied with the formation of diacetone diperoxide, acetone and 
acetic acid degradation products observed. 
The complexation of TATP with a range of metals has been studied by electrospray 
ionisation-mass spectrometry, yielding [M+Cat]
+
 ions for all of the alkali metals. The first 
observations of a [TATP+Ag]
+ 
adduct have been made. The formation of [2TATP+Li+LiX]
+
 
(X = Br, Cl) and [2TATP+Ag]
+
 sandwich complexes was also observed. Collision cross 
sections (CCS) for the lithium-containing complexes of TATP were measured by travelling 
wave ion mobility-mass spectrometry, comparing well to computationally determined 
structures.  
Triacetone triperoxide dissolved into a series of known imidazolium and phosphonium based 
ionic liquids was thermally desorbed using an in-house modified thermal desorption 
extractive electrospray ionisation source with neutral TATP vapour interacting with a lithium 
doped electrospray to form the [TATP+Li]
+
 ion. The release of TATP was monitored over a 
period of hours to determine if ionic liquids could be used as a potential vapour source of 
TATP and how chemical and physical properties may alter thermal desorption. The use of 
ionic liquids to mask TATP vapour was also explored. Imidazolium ionic liquids were 
generally found to retain the peroxide explosive to a lesser extent than phosphonium ionic 
liquids. 
The thermal desorption of TATP from a range of metal, fabric and polymer surfaces has been 
investigated using an in-house modified microchamber thermal desorber combined with 
extractive electrospray ionization (EESI) mass spectrometry. A lithium doped electrospray 
was used to form the [TATP+Li]
+
 ion which could be detected as an intact alkali metal 
complex. Different desorption profiles were observed for TATP depending on the surface 
material used. Temperature was shown to have a significant effect on the desorption profiles 
with higher temperatures of up to 120 °C giving the most intense responses with the shortest 
  
cycle times. At temperatures above this TATP was observed to degrade into acetone reducing 
the response obtained from the TATP sample. The nature of the surface was also observed to 
have a significant effect as TATP was shown to adsorb to synthetic fabrics (nylon, polyester) 
more strongly than non-porous materials such as aluminium. The potential for this technique 
to be used in a forensic application has been explored, showing good linearity to TATP 
detection over 2 orders of magnitude with limits of detection from fabric and cardboard at 
120 °C being 10 ng and 100 ng respectively and 20 ng from metal at 50 °C. 
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Chapter one 
Introduction 
 
2 
 
1.1 Triacetone triperoxide 
 
The discovery of triacetone triperoxide (TATP) (Figure 1.1) was first published in 1895 by 
Richard Wolffenstien.
1
 The research conducted into TATP over the years has been limited 
but recently publications aimed at the synthesis and detection of TATP has increased 
significantly (Figure 1.2). This is due largely in response to its increased use in improvised 
explosive device (IED) in events such as the 2002 shoe bomber, the London bombings of 
2005, and more recently the 2015 Paris attacks.
2–6
 The easily obtained starting materials and 
simple synthesis have also led to its accidental formation, making this particular explosive a 
significant threat to the general public.
7
 
Triacetone triperoxide is an organic cyclic peroxide explosive formed by the reaction of 
acetone with hydrogen peroxide. The white powder has an explosive power of  88 % TNT 
equivalence, though this value is seen to vary.
8–10
 The nine membered trimer has a melting 
point of 95-98.5 °C, is shown to decompose above 150-160 °C and can be classified as a 
primary explosive, with high sensitivity to heat, friction and shock.
9,
 
11,
 
12
  
 
OO
O
O O
O
CH3
CH3
CH3CH3
CH3CH3  
Figure 1.1- Structure of triacetone triperoxide. 
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Figure 1.2- TATP related publication in the past 16 years. 
 
1.1.1 What is an explosive? 
 
An explosion is the sudden release of a large amount of energy in an uncontrolled manor and 
can be categorised as either; atomic, physical or chemical, based upon its cause.
13, 14
 A 
chemical based explosive can be a compound or mixture capable, by chemical reaction, of 
producing gas, at temperatures pressures and speeds sufficient to cause damage to the 
surroundings.
13,
 
15
  
There are two categories of explosives; low explosives, which are designed to burn 
(deflagration) in their chemical processes and high explosives, which are designed to 
detonate.
14,
 
16
 During detonation the chemical decomposition is propagated by a shockwave 
through the material rather than thermally, this decomposition generates heat and gas behind 
the wave which contribute to the wave propagation.
13
 The rate of propagation is termed the 
detonation velocity.
14
 
Low explosives are generally propellants and pyrotechnics, designed to create an effect such 
as light or sound, rather than causing damage to their surroundings. High explosives are 
destructive with both industrial and military purposes.  
0 
2 
4 
6 
8 
10 
12 
14 
16 
18 
20 
1999 2000 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 
TATP publications by year 
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Figure 1.3- Hierarchal classification of explosives. 
 
High explosives can be further categorised by their sensitivity to detonation of explosive 
velocities. 
Primary Explosives; are sensitive to ignition from sources such as electric discharge, heat, 
flame, friction, and impact.
17
 They undergo very rapid transition from burning to detonation 
and as such can be used to detonate less sensitive explosives in an ‘explosive train’.13, 14 The 
detonation velocities of primary explosives are in the range of 3500-5500 m s
-1
.
13
 TATP 
displays properties of being a primary explosive due to its heat, shock and friction 
sensitivity.
14, 18
 TATP  has an explosive velocity of 5300 m s
-1
 at a density of 1.2 g cm
-1
.
19
 
Secondary Explosives; cannot be easily detonated by heat, shock or friction and as such are 
often initiated by primary explosives.
13
 Whilst being less sensitive they are often more 
powerful, with detonation velocities in the range of 5500-9000 m s
-1
. Secondary explosives 
are commonly nitro containing compounds such as trinitrotoluene (TNT), research 
department formula X (RDX) or nitroglycerin (NG), Figure 1.4.
13,
 
17
 Explosives that are very 
insensitive, and require initiation by a secondary explosive are classified as tertiary 
explosives.
14,
 
17
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Figure 1.4- Structure of some secondary and primary explosive compounds. 
 
1.1.2 Types of Explosive compounds 
 
Explosive compounds can also be categorised by their molecular groups which impart 
explosive properties. Many explosive compounds contain a nitro functional group making 
this functionality the target for the majority of explosive detection equipment. This poses a 
large problem for the detection of TATP and other peroxide based explosives and is a further 
cause of why these types of explosives have become popular for IEDs. 
Table 1.1- Classification of explosive functional groups.
13,
 
20–22
 
Type Functional group Examples 
Nitroaromatic, Nitrate ester, 
nitroamines 
-NO2 and –ONO2 TNT, NG, RDX 
Azides -N=N- and –N=N-N- Silver azide 
Fulminates N=C Mercury (II) fulminate 
Hg(C≡N-O)2 
Halogenated nitrogen NX2 (X is a halogen) Nitrogen trichloride, NCl3 
Peroxides and ozonides -O-O- and –O-O-O- TATP and HMTD 
Chlorates and perchlorates -OClO2 and –OClO3 Potassium chlorate, KOCl2 
Ammonium perchlorate, NH4OCl4 
Acetylene and metal acetylides -C≡C- Copper (I) acetylide, Cu2C2 
Organometallic  M-C t-butyl lithium 
RDX                                             TNT                                                     NG 
6 
 
1.1.3 Why is TATP explosive? 
 
Many conventional explosive compounds when detonated are exothermic, causing an 
increase in heat with the production of combustion materials.
23
 TATP, unlike conventional 
explosives, is endothermic and upon explosive decomposition the peroxide forms 3 acetones 
and an oxygen molecule.
23–25
 Many explosive compound contain both the fuel and oxidizer 
components in close proximity. The isopropylidene units of TATP hold the structure in 
position for the homolytic cleavage of a peroxide bond followed by a series of cleavage 
events which initiate neighbouring TATP molecules.
23
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Figure 1.5- Formation of explosive products of TATP. 
 
1.1.4 Formation and destruction of TATP 
 
Triacetone triperoxide is the kinetic product of the catalytic reaction between acetone and 
hydrogen peroxide.
23
 The formation of TATP can be shown as little as 1 hour after addition 
of reactants,
26
 and is accompanied by the formation of side products such as oligomer 
peroxides, tetraacetone tetraperoxide, diacetone diperoxide (DADP) and chloroderivatives 
when hydrochloric acid was used as the catalyst.
27–31
 The quantities of their appearance vary 
with changing reaction conditions and storage.
30–32
 The use of different reaction catalyst, 
molar concentrations of hydrogen peroxide to acetone, and hydrogen peroxide to acid, as well 
as temperature and length of reaction are all shown to affect the formation of TATP and 
purity.
30–34
 The reliability of these experiments are, however, subject to variations between 
research groups and batch to batch variation.
32
 Formation proceeds via the formation of the 
oligomer peroxides followed by ring closure, with optimum conditions suggesting use of a 
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small molar quantity of sulphuric acid (H2SO4), with an equimolar quantity of hydrogen 
peroxide and acetone at below room temperature for 24 hr.
30,
 
31
 A proposed mechanism is 
shown in Figure 1.7, with some variation in the literature of the order of polymerisation 
before ring closer to either TATP or DADP.
30,
 
31,
 
35
 
The formation of phase pure TATP has been shown using strong Brønsted acids and rapid 
precipitation, whilst the lewis acid SnCl4 aids preferential formation of DADP, a contrast to 
previous observations that SnCl4 aids formation of the tetraacetone tetraperoxide.
36,
 
37
 TATP 
when slowly precipitated shows an abundance of polymorphism. These polymorphs vary 
depending on the acid catalyst and the solvent used for recrystallisation, though all present D3 
symmetry.
38
 This symmetry is observed in all crystallisations of TATP.
23, 34,
 
38,
 
39
 In the 
solution phase TATP presents two conformations, a twist-boat-chair (D3) and a twist-chair-
chair (C2) shown in Figure 1.6.
40
 These two conformations can be observed at room 
temperature by nuclear magnetic resonance (NMR) and separated by liquid chromatography 
(LC), with rapid interconversion of the minor C2 conformer to the more thermodynamically 
stable D3 till an equilibrium commonly observed of 95:5 (D3:C2) is attained.
41, 42
 
 
CH3
CH3
O
O
O
CH3
CH3
O
OO
CH3
CH3
CH3
CH3
O
O
O
CH3
CH3
O
O
O
CH3
CH3
 
Figure 1.6- Conformers of TATP (a) D3 and (b) C2.
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Figure 1.7- Synthesis of TATP in acidic conditions.
29
 
 
DADP is predominately formed through acid catalysed decomposition of TATP, though if 
poorly prepared or stored TATP can spontaneously degrade into DADP.
29, 30 ,42
 The rate of 
this degradation is affected by the catalyst used in synthesis, the size of precipitate crystals 
formed, the effectiveness of washing of the precipitate and storage temperature.
43
 
TATP is soluble in many solvents, but not water, with saturated solutions of toluene (~28 
wt%) inhibiting detonation.
11
 The peroxide can be stable to degradation when recrystallised 
and stored in solid form for years, though transportation and storage in acetonitrile or 
methanol are recommended when the solid cannot be safely handled.
44
 These solutions 
degrade TATP in a matter of days, more rapidly with the application of heat or acid.
11,
 
45
 In 
general polar and protic solvents shows a faster rate of decomposition of TATP, with their 
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low decomposition activation energies being attributed to hydrogen bonding to the peroxide 
bond aiding in homolytic cleavage.
45
 Thermolysis in toluene is seen to form products of 
acetone, ethylbenzene and bibenzyl.
46
 Exposure to liquid or vapour of acids hydrochloric acid 
(HCl) and H2SO4 completely decompose TATP, with chlorinated acids forming 
chloroacetone and 1,1-dichloroacetone, whilst H2SO4 leads to H2O2, acetone and DADP.
26,
 
47,
 
48
 The rapid thermolysis of TATP in an argon or dry air atmosphere sees the dominant 
production of CH4, CO2, C2H2 or CO2 and H2O respectively.
49
 This contrasts the slow 
thermolysis of TATP in air where their dominant products are seen to be acetone, CO2, acetic 
acid and methyl acetate.
50
 
By using mechanically alloyed Mg/Pd, TATP in an aqueous solution could be degraded to 
form acetone and water.
51
 This example of using metal compounds is seen to extend further, 
with the use of appropriate metal compounds such as ZnSO4 or CuCl2, when combined with 
copper/zinc metal or tin chloride/sulphate salts TATP can be destroyed within 24 hours at 
room temperature.
52
 Though these mixtures are still slow compared to the observed 
degradation by acid they do not contain the same inherent dangers to rapid decomposition 
and detonation as seen when conc. acid is added to more than 1g of TATP.
11,
 
52
 Theoretical 
studies have shown use of Cr
3+
, Fe
3+
, Sb
3+
, Sc
3+
, Ti
4+
 to cleave open the peroxide ring leading 
to a metal-ion bound to three acetone molecules.
53
 Doubly charged ions can form stable 
complexes, with a reduced energy barrier towards the initial decomposition of the peroxide 
bond and low energy release, supporting the use of Cu
2+
 and Zn
2+
 as choice metals in TATP 
destruction.
52,
 
53
 The reduced activation energy, though with a large energy release, is 
observed for singly charged ions of Cu
+
 and H3O
+
 suggesting rapid decomposition which 
could lead to detonation of TATP.
53
 In ions with vacant s type orbitals these interactions are 
by charge transfer, however, ions such as Sb
3+
, Sc
3+
, Ti
4+
 possess vacant p or d type orbitals 
which contribute to molecular orbital bonding with the oxygen p type orbital. This can lead to 
ring cleavage and formation of the ion-(acetone peroxide)3 complex.
53
  
 
1.1.5 Detection methods of explosives 
 
The detection of minute quantities of explosive in either the vapour or particulate form is 
termed trace detection. This differs from bulk detection which uses imaging or nuclear 
techniques to detect/identify visible amounts of explosives.
54
 Combination of trace 
10 
 
techniques with those that do not require direct contact with an explosive material, termed 
‘stand-off’, allow for safe detection of trace quantities of explosive materials that could lead 
to the detection of a bulk explosive material.
55
 
 
Figure 1.8- Some examples of trace explosive detection techniques. 
 
Dogs have widely been used for the detection of explosives and other illicit substances,
56
 
with the capability of detecting as little as 200 µg of TATP on a cotton ball.
57, 58
 The need to 
rest dogs frequently, develop suitable explosive scent simulants and varying detection 
capability between dogs requires the development of explosives detection systems that can be 
operated continuously and provides rigorous detection capability of TATP and other 
explosives.
59,
 
60
  
 
 
 
Explosives detection 
Bulk 
Trace/ particulate 
Ion mobility 
Spectrometry 
Mass Spectrometry 
Ultraviolet 
Fluorescence 
Chemiluminescence 
11 
 
1.1.6 Chemical based detection of TATP 
 
Direct detection of TATP can be difficult, with many fluorescent, chemiluminescent, 
colorimetric and electrochemical techniques, requiring the degradation of TATP before 
detection of H2O2.
61–71
 This is seen with use of mild acid or UV radiation, and in some cases 
can allow for discrimination between organic peroxides like TATP and inorganic H2O2.
72–75
 
Recently a ZnO nanorod array has been shown to catalyse deboronation of phenyl borate to 
create an efficient fluorescent sensor.
76
 Whilst the use of a dendritic probe has shown capable 
of detecting solid TATP without any sample pre-treatment at a milligram level by 3 fold 
release of a fluorogenic end group upon reaction with a single TATP molecule.
77
 Further 
examples are of molecular gelation upon contact with solid TATP,  also showing milligram 
level detection.
78
 This degradation of TATP has also been applied by HPLC methods with 
post column degradation by UV, the limit of detection obtained was 190  ng l
-1
.
79,
 
80
 This 
contrasts later research by the same authors who demonstrate the non destructive liquid 
chromatography detection of TATP using on-line FT-IR analysis with 222 µg mL
-1
 limit of 
detection.
81
 
 
1.1.7 Spectroscopy based detection 
 
The use of Raman and infra-red spectroscopy has offered a potential method for the direct 
stand-off detection of TATP with detection limits as low as 10 pg cm
-3
 reported.
82–85
 A large 
amount of research has been conducted to fully understand the bands observed in TATP 
using these two techniques.
86
 This has included the detection of copper impurities forming 
copper-peroxide bands by Raman.
87
 Due to the high vapour pressure of TATP, surface 
enhanced Raman detection (SERS), and cavity ring-down spectroscopy has shown examples 
of condensing vapours of TATP onto surfaces for detection.
88,
 
89
 
The vapour pressure of an explosive can play a key role in the ease of detection. Explosives 
are volatile compounds and can be present in the atmosphere at varying concentrations 
depending on the volatility, air flow, temperature, and length of time an explosive has been 
present at a location. TATP readily sublimes at room temperature and has a vapour pressure 
of ~7Pa.
90
 It is clear from the literature that there is some discrepancy in this value as seen in 
12 
 
Table 1.2, and is in part due to the stability of the peroxide.
91
 This discrepancy is seen across 
the field of explosive vapour pressures, but the trend of TATP having a higher vapour 
pressure than most explosives can still be seen.
17,
 
91
  
Table 1.2- Literature TATP vapour pressures. 
Method of determination Vapour pressure at ambient/ Pa References 
GC- headspace 7 2005 Oxley
90
 
Thermogravimetric 2.56 2006 Ramirez
92
 
Knudsen effusion 6 2010 Damour
93
 
Rising temperature 
thermogravimetry 
3.7  2012 Smith
94
 
 
Ion mobility spectrometry (IMS) has been shown to be capable of being developed as a hand 
held portable field sensor for explosives.
95
 TATP readily forms positive ions, however 
conventional explosives detection devices monitor for explosives in the negative mode.
96
 The 
positive and negative modes are often termed narcotics mode, and explosives mode 
respectively. In order to easily detect TATP, the narcotics mode must be used as shown by 
the detection of TATP from hair with detection limits showing 3.9 ug on hair in explosives 
mode, but < 0.8 ug in narcotics mode.
97
 The reduced ion mobility (K0) of [TATP+H]
+
, m/z 
223 is reported to be 2.57 cm
2
 V
-1
 s
-1
,
95, 98
 identified by coupling of a custom made IMS to a 
triple quadrupole mass spectrometer. This protonated TATP has been suggested to actually 
be a decomposition product in the ion mobility spectrum as the TATP-ammonium ion, 
[TATP+NH4]
+
 is observed at K0 = 1.36 cm
2
 V
-1
 s
-1
, stable at temperatures up to 130 °C.
99,
 
100
 
Coupling of planar solid phase micro extraction (PSPME) to a commercial IMS device has 
shown detection limits in the range of 1.4 ng,
95
 with rapid detection compared to SPME-GC 
with a detection limit of 5 ng and sample analysis times on the scale of minutes.
101
 GC 
analysis of TATP has proven effective at achieving low nanogram limits of detection, with 
application to both pre- and post-blast samples of TATP.
101–103
 A characteristic fragmentation 
profile of TATP is often observed using electron impact and formation of [TATP+NH4]
+
 can 
be observed as the base peak ion through positive ion chemical ionisation (PICI) using an 
ammonia gas dopant.
104
 Coupling of GC to IMS or field asymmetric ion mobility 
spectrometry (FAIMS) has enabled a reduction in false positive, or false negative alerts and 
13 
 
separation of TATP from a range of other organic explosives.
105,
 
106
 ‘Fast’ GC-FAIMS has 
shown detection limits as low as 1 ng/ uL in acetonitrile solutions.
107
 
The [TATP+NH4]
+
 ion can also be observed by HPLC-MS/MS with fragmentation to 
[TATP+H]
+
 observed using atmospheric pressure chemical ionisation (APCI).
108
 The use of 
ammonia dopants has found application in other soft ionisation techniques further 
demonstrating the TATP-ammonia fragmentation to [TATP+H]
+
.
109,
 
110 
The protonated 
TATP ion is often difficult to observe and is usually a minor ion in the mass spectrum.
 
Soft ionisation techniques such as extractive electrospray ionisation (EESI) have show the 
analysis of TATP from skin using an ammonium dopant.
111
 This technique, using a geometry 
independent neutral desorber, was able to detect TATP as the ammonium adduct from a 
range of surfaces at femtogram levels of detection, as well as the sodium adduct [TATP+Na]
+
 
(Na picked up from the skin).
111
 This is much lower than the detection limit of 62.5 ng for 
[TATP+Na]
+
 by ESI-MS on a linear quadrupole.
29
 
The detection of the [TATP+Na]
+
 adduct from a range of surfaces has been shown by 
desorption electrospray ionisation (DESI) at limits of detection as low as 1 ng.
110,
 
112
 The 
advantages of this technique is that it does not require any sample preparation before 
sampling, and as such has received increased attention towards explosive detection,  since its 
development by Cooks.
113–117
 The use of a doped electrospray plume has allowed for the 
formation of [TATP+cation]
+ 
complexes with Li, Na, K and NH4.
110,
 
118
 Addition of a metal 
to TATP samples has previously shown degradation of the explosive. However, the alkali 
metals Li, Na and K, or an ammonium ion, have been shown to stabilise the labile TATP 
ring.
28,
 
104,
 
108,
 
110,
 
111,
 
118,
 
119
 Theoretical consideration of cation bond strength suggest TATP-
ion bond strength increases as the charge on the ion increases, but decreases with increasing 
ionic radius.
120
 The fragmentation patterns of these ions have been studied previously, with 
initial fragmentation occurring through -O-O- bond cleavage and loss of C2H6. 
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1.2 Ambient ionisation mass spectrometry 
 
Ambient ionisation allows for the ionisation of target analytes under ambient conditions with 
little or no sample pre-treatment by creating ions outside the vacuum of the mass 
spectrometer.
121, 122
 The direct analysis of analytes from surfaces or the atmosphere is made 
possible with a range of ambient techniques developed in the past decade, with more than 30 
examples currently available.
121, 123–128
 Many ambient ionisation techniques are based on 
standard electrospray ionisation (ESI) or atmospheric pressure chemical ionisation (CI). As 
such, they produce comparable spectra and are often referred to as being ‘soft’ ionisation 
methods due to the low internal energy of the ions formed, inducing minimal fragmentation. 
 
1.2.1 Atmospheric Pressure Chemical Ionisation (APCI) 
 
Chemical ionisation occurs through the formation of gas phase ions which donate charge to a 
target gas phase analyte. During atmospheric pressure chemical ionisation the target analyte 
is introduced into the ionization region at atmospheric pressure.
129
 If a solid sample has 
sufficient volatility, it can be thermally desorbed into the APCI source; alternatively a 
solution phase sample can be volatilized using a high temperature gas nebuliser. Once gas 
phase ions have been introduced into the APCI source, a high potential is applied to a needle 
inducing the formation of a corona discharge which ionises atmospheric nitrogen in the 
source region (a 
63
Ni source can also be used).
117
 A series of charge transfer reactions follow 
to form the reactant ion species, which transfers its charge to the gas phase analyte generating 
ions.
130
 
 
    
     
          Equation 1.1 
 
  
         
         Equation 1.2 
 
  
              
     Equation 1.3 
 
   
          
        Equation 1.4 
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       Equation 1.5 
 
       
    
                  Equation 1.6 
 
The reactant ion species formed during positive ionisation APCI is [(H2O)nH]
+
, the major ion 
formed during negative ionisation is [(H2O)nO2]
-
 though this process is more complicated.
131
 
The population of the reactant ion can be influenced by the humidity within the source region 
and is termed the reactant ion peak (RIP) in ion mobility spectrometry.
131,
 
132
  
The advantages of APCI over ESI is that it requires no solvent, though one can be used to 
introduce dopants. The limits of the technique are that gas phase analytes are required, a 
desorption step can be added, but in non volatile samples require an alternative method such 
as ESI. 
 
1.2.2 Electrospray Ionisation (ESI) 
 
Electrospray ionisation is often used for the ionisation of large non-volatile compounds, 
though has been shown to work for small molecules also.
133–138
 The success of this technique 
came through Fenn et al. showing multiply charged ions could be formed.
135,
 
139,
 
140
 In ESI, 
the target analyte in solution is passed along a capillary tube with a potential difference of 1-4 
kV to a counter electrode a short distance away. This generates a strong electric field of ~10
6
 
V m
-1
.
141
 The potential applied polarises the ions at the tip of the capillary resulting in the 
formation of a Taylor cone, Figure 1.10.
142
 Analytes are ionised in solution and ionisation 
may be facilitated by addition of a charge modifier, such as formic acid or ammonium for 
positively and negatively charged ion formation respectively. 
16 
 
 
Figure 1.9- Diagram of the ESI source.
142
 
 
Figure 1.10- Diagram of the Taylor cone formed.
142
 
 
The charged droplets ejected from the Taylor cone undergo solvent evaporation to form the 
spray plume, Figure 1.10. As the droplet undergoes evaporation the dimensions reduce, 
increasing the charge to surface area ratio with the ions contained in the droplet. An 
equilibrium between the ion repulsion forces and the surface tension of the droplet is reached, 
termed the Rayleigh limit.
140
 Once further solvent evaporation occurs this Rayleigh limit is 
exceeded leading to droplet fission and a series of smaller charged droplets are formed. This 
process repeats until gaseous ions are formed. 
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The mechanism of ion formation in ESI is still debatable, with the ion evaporation model 
(IEM)
143
 and the charge residue model (CRM)
144
 being proposed, Figure 1.11. Both support 
solvent evaporation and the droplet reaching the Rayleigh limit. IEM postulates that droplets 
will be non-spherical and as such the ions will vary in their proximity to one another. On the 
surface where ions group close together the solvation forces would be exceeded and an ion 
would be ejected into the gas phase.
142
 In the CRM model the distribution of charged ions is 
considered to be equal. Continuous solvent evaporation reaching the Rayleigh limit and 
droplet fission occurs until a single ion is contained within a droplet. This droplet will then 
completely evaporate leaving a gas phase analyte.
142
 
The advantages of ESI over gas phase ionisation methods is that it allows the analysis of non 
volatile species. It can be used for both large and small molecules, though a disadvantage can 
be observed for complex samples with charge competition, resulting in ion suppression. 
 
 
Figure 1.11- The IEM and CRM mechanism.
142
 
 
1.2.3 Extractive Electrospray Ionisation (EESI) 
 
Extractive electrospray ionisation (EESI) was first demonstrated by Cooks et al in 2006.
145
 
This technique is based on ESI with the use of two solvent sprays positioned ~90° relative to 
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each other. The solvent plumes intersect in a Y configuration and are directed towards the 
inlet of a mass spectrometer.
145
 One emitter sprays an electrospray solvent under a high 
potential to generate charged droplets which can be nebulised under a flow of N2. The second 
emitter is held at ground potential and carries the target analyte in solution, nebulised by a 
flow of N2. The neutral droplets formed are ionised through collisions with charged droplets, 
whereby the charge is deposited into the neutral analyte droplet. A series of mechanisms 
proposed for extractive ionisation are shown in Figure 1.12 and describe the collision of the 
charged droplets with neutral droplets. The collision and refraction of two droplets by 
‘bounce’ or ‘disruption’, and the formation of smaller droplets by ‘fragmentation’ or the 
formation of a single larger droplet by ‘coalescence’.146 
 
 
Figure 1.12- Mechanism of charge droplet formation.
146
 
 
The mechanism of coalescence is not widely supported, with the use of phase doppler 
anemometry showing that following droplet collision the relative size and density of the 
droplets did not increase.
147,
 
148
 ‘Bounce’ involves the proportionate transfer of solution 
between droplets. ‘Disruption’ is the disproportionate transfer of one droplet to another, and 
‘fragmentation’ is the collision of two droplets forming smaller droplets containing a mixture 
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of both the neutral and charged droplet. These mechanisms reduce ion suppression effects by 
salts and background species through liquid-liquid interactions of droplets and the solubility 
of the analyte from the neutral to the charged droplet.
147
 The liquid-liquid extractions can 
then process via ESI mechanisms of IEM and CRM for the production of gas phase ions in 
EESI.
147
 
EESI can be adapted from two nebulised solvents to the use of either a gas phase-gas phase 
interaction, or a liquid phase-gas phase interaction.
149
 The gas phase-liquid phase interaction 
proceeds via the ionisation of a neutral gaseous analyte stream by charged droplets. In this 
process the neutral gas phase analyte, which is suitably soluble in the liquid phase, enters the 
charged droplet and mechanisms processed via ESI based IEM or CRM ionization to produce 
gas phase ions. 
EESI has been applied to a range of applications such as the investigation of amino acids,
150
 
proteins,
151
 beverages,
152
 perfumes,
153
 narcotics and explosives detection.
111,
 
154
 The 
atmospheric pressure technique can be coupled with a range of techniques such as mass 
spectrometry, ion mobility and HPLC. This has allowed the sampling of analytes in the gas 
phase, liquid phase or solid phase with techniques such as neutral desorption EESI (ND-
EESI), where an ambient temperature gas flow (N2) is directed at a surface, generating 
gaseous molecules from solid samples, or microdroplets from liquid samples which can then 
be directed toward the charged droplet stream.
127
 ND-EESI has been applied to skin sampling 
of explosive residues due to its non destructive nature.
109
 The formation of gaseous molecules 
can also be through coupling with thermal desorption (TD-EESI), where the observed ions 
will be based on their relative volatilities.
155
 
 
1.2.4 Thermal Desorption 
 
Thermal desorption is the application of heat to a solid or liquid sample to generate gaseous 
molecules. The desorption of these molecules will be a function of their relative volatility and 
enables the separation of volatile components from those less volatile within the same 
sample. The desorption from liquid samples can be described by Henry’s law; 
 p = kHc Equation 1.7 
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Where p is the partial pressure of the solute in the gas phase, kH is the henrys law constant 
and c is the concentration of the solute in solution. With an increase in temperature the partial 
pressure of the solute in solution increases, leading to desorption based upon the partial 
pressure (i.e. volatility).  
Thermal desorption of analytes from surfaces is dependent upon chemical or physical 
adsorption, with an increase in thermal energy overcoming any potential low energy state. 
This can be described using the Arrhenius equation; 
Rd = Ae
-Ed / kT
   Equation 1.8 
 
Where Rd is the desorption rate constant, A is the frequency of desorption, Ed is the 
desorption energy, k is the Boltzmann constant and T is the temperature. The rate of 
desorption is temperature dependant, individual analytes in a mixture will have different 
desorption energies which must be reached before desorption. This allows the separation of 
analytes in a mixture through changing temperatures. 
Thermal desorption has a range of applications with use in environmental monitoring, 
exhaled breath,
156
 volatile organic compounds (VOCs) from food and drink stuffs,
157,
 
158
 and 
detection of chemical agents
159
 and explosive residues.
160
 Thermal desorption can also be 
used to aid desorption from cold fingers and thermal desorption tubes for gas 
chromatography-mass spectrometry (GC-MS).
161
 
 
1.3 Mass Analysers 
 
Mass analysers separate gas phase ions based on their mass-to-charge ratio (m/z), rather than 
their mass alone.
141
 They are based upon the use of electric or magnetic fields for separation, 
with the transmission of ions successively in scanning analysers such as quadrupoles or 
magnetic sector instruments; or simultaneous transmission of all ions in time of flight (ToF) 
mass analysers, ions traps, or orbitrap instruments.
141
 A hybrid quadrupole time-of-flight 
mass spectrometer (Q-ToF) was used for the work in this thesis and shall be described in 
further detail. 
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1.3.1 Time-of-Flight (ToF) 
 
Time-of-flight mass spectrometry allows for the separation of ions based on their velocities 
through a field free flight tube under vacuum. ToF was first described in 1946 by Stephens, 
though it has only been since the 1980s that significant interest has been shown toward their 
application with advancements in data handling methods.
162,
 
163
 
 
1.3.1.1 Linear ToF MS 
 
The first commercial ToF instrument design was published in 1955 by Wiley and 
McLaren.
163
 After ionisation the ions are pulsed into an acceleration regions where they 
acquire kinetic energy due to a potential difference between the acceleration region and the 
field free drift tube. As all the ions acquire approximately the same kinetic energy the mass-
to-charge ratios are determined by the time taken to reach the detection grid at the other end 
of the drift tube. Smaller ions will be accelerated at higher velocities than heavy ions and so 
will travel the length of the drift tube in a shorter time. Higher charged ions will also be more 
affected by the accelerator region and so accelerate to higher velocities than lower charge 
state ions. 
This can be calculated for an ion with a mass of m and a total charge of q being accelerated 
by a potential Vs, giving the ion a velocity v which is related to the kinetic energy Ek, 
Equation 1.9. The total charge is equal to the number of charges on the ion z and the 
fundamental unit of charge in coulombs e=1.602 x 10
-19
. 
     
   
 
              Equation 1.9 
 
The velocity of the ion is given by rearrangement of equation 1.19; 
             
       Equation 1.10 
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The time taken t for the ion to travel linearly the length of the flight tube L at velocity v is 
given by; 
   
 
 
      Equation 1.11 
 
Combining equations 1.10 And 1.11 gives; 
    
 
 
  
  
    
      Equation 1.12 
 
Which can be rearranged to give the equation calculating for the mass-to-charge ratio; 
       
    
  
     Equation 1.13 
 
1.3.1.2 Reflectron ToF 
 
Resolution in ToF is based upon the length of the flight tube and ion arrival time distribution. 
Ions of the same m/z should be accelerated with the same Ek and so have the same arrival 
time distribution, in practice this is not the case due to the position of the ions in the 
accelerating region. Resolution can be enhanced by using an electrostatic reflectron lens 
which deflects the ions sending them back along the flight tube, first proposed by Mamyrin in 
1973.
164
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Figure 1.13- Reflectron time-of-flight.
141
 
 
The extent that the accelerated ion penetrates the reflectron region is dependent upon the 
kinetic energy and therefore velocity of the ion. When two ions with an equal m/z but 
different Ek enter the reflectron, the ion with the higher Ek will penetrate further where a 
higher electrostatic field is present. The higher Ek ion will be reflected with the same Ek as it 
entered but will have travelled a longer distance through the flight tube than the ion with 
lower Ek. The increased resolution of reflectron-ToF results from this focussing of ions, so 
that those with the same m/z, but different initial acceleration energies arrive at the detector at 
the same time, and the effective doubling of the flight tube length, which also improves ion 
separation. 
 
1.3.1.3 Orthogonal ToF  
 
ToF mass analysers are based on the use of pulsed ionisation sources; however ionisation 
techniques such as ESI produce a continuous ion beam. An active ion gate will neutralise ions 
in the ionisation region until a packet of ions has completed travelling along the flight tube. 
This results in significant ion loss and reduced sensitivity.
141
 To allow hyphenation of 
continuous ion beam techniques such as ESI with ToF an orthogonal acceleration time-of-
flight (oa-ToF) must be used, first developed by O’Halloran et al in 1964.165 A timed pulse 
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pushes ions into an orthogonally configured ToF drift tube. As the packet of ions travel along 
the drift tube the orthogonal accelerator is filled with new ions. This significantly increases 
the efficiency of a ToF mass analyser when hyphenated with a continuous ionisation source. 
Orthogonal ToF can be combined with either a linear of reflectron ToF drift tube. 
 
 
Figure 1.14- Orthogonally accelerated ToF (oa-ToF).
141
 
. 
 
1.3.2 Quadrupole (Q) 
 
A quadrupole mass analyser separates ions based upon their trajectory stability under the 
influence of an oscillating electric field. Four cylindrical rods are positioned closely together 
in a square parallel formation with a gap through their centre to allow transmission of ions. 
Opposing rods are connected in a pair and superimposed alternating rf (V) and dc voltages 
25 
 
(U) are applied to each pairs of rods, one pair positively charged and one pair negatively 
charged with potentials of +(U - V cos ɷt) and -(U - V cos ɷt) respectively. The rf and dc 
voltages used allows ions of a single m/z ratio to flow through the centre of the rods to the 
detector and a mass spectrum is obtained by increasing the rf and dc voltages at a constant 
ratio.
166
 
 
Figure 1.15- Linear quadrupole mass analyser. 
 
As a positive ion enters the quadrupole, it is attracted to the negatively charged rods and 
begins to drift toward the rod. Before it can collide and neutralise, the potential applied to the 
rod pairs invert. This happens rapidly (typically 10.5-1 MHz) as the ion travels along the 
quadrupole in a complex trajectory. Quadrupoles can be used as an ion guide by applying 
only an rf potential, allowing all ions below an ion mass cut-off to travel through with a 
stable trajectory; or as a collision cell when filled with a collision gas. Application of a DC 
voltage allows selective m/z ratios to have a stable trajectory through the quadrupole and its 
use as a mass analyser.
141,
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The stability of an ion can be determined using the Mathieu equation, where u is either the x 
or y axis, ξ is ɷt/2 (ɷ= angular frequency, t= time), au and qu are the dc and rf potentials 
respectively. 
        
 
                      Equation 1.14 
 
The stability of the ion in the x and y axis is derived from the au and qu parameters in 
Equation 1.14, for the following equations (Equation 1.15 and 1.16), where m is the mass of 
the ion and ro is the radius of the quadrupole. This can be represented graphically in Figure 
1.16. 
 
             
    
     
     Equation 1.15 
             
    
     
     Equation 1.16 
Figure 1.16- Stability diagram of ions through linear quadrupole mass analyser.
141
 
 
The area under the triangle is the stable region of each ion. By applying only an rf voltage 
(V) all ions have a stable trajectory to a maximum value. As V increases from zero to beyond 
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the stable region of m1, it will no longer be observed and only ions with a stable region 
beyond that point will. If the dc voltage (U) is zero, there is no resolution observed as all ions 
are transmitted. Increasing the value of U increases the resolution and so rf and dc are altered 
linearly to obtain the scan line, Figure 1.16. A lower gradient transmits ions with lower 
resolution, too high a gradient and no ions have a stable trajectory through the quadrupole. 
By this method the linear quadrupole can act as a selective mass analyser. 
 
1.3.3 Hybrid instruments 
 
The hydridisation of two or more mass analysers allows for improved selectivity, sensitivity 
and resolution, with hybrid instruments used primarily for tandem mass spectrometry 
(MS/MS) experiments. In these experiments the hyphenation of a quadrupole with reflectron 
time-of-flight (Q-ToF) mass analyser was used. This allows for the selection and 
fragmentation of parent ions by mass selected stabilities and collision induced dissociation 
(CID) in the quadrupole, followed by accurate mass measurement of fragment (daughter) 
ions in the ToF. CID is caused by accelerated ions colliding with a neutral collision gas, 
imparting energy to the ion resulting in bond breakage and fragmentation. Fragments aid 
structural determination and aid precursor ion identification when a unique fragment is 
formed from a mixture of ions with identical mass to charge ratio. 
 
1.4 Ion Detectors 
 
Ion detectors are used to generate a signal from the collision of ions at the detector. The 
Faraday cup is the most basic form of ion detector which can be useful in cases where the 
ions are focused to a single point, such as through a quadrupole mass analyser.  
The Faraday cup is made from a metal cylinder with an opposing potential to the ions 
generated in the source. As ions strike the inside of the cup they either accept or donate 
electrons altering the current through a resistor which can be amplified and detected. The 
faraday cup is simplistic as it provides a measure of ion abundance based on ion collisions. 
Collision of an ion with the faraday cup may also produce secondary electrons, which collide 
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with the walls of the cup and generate a signal. A low sensitivity is associated with the 
faraday cup as one collision produces only a small change in the overall current, which must 
be amplified.
168
 
Electron multipliers can be used to multiply the signal from a single ion collision event. An 
electrode is held at a high opposing potential to the ions being detected. As an ion collides 
with the electrode (the conversion dynode) a series of secondary particles are produced, for 
positive ion collisions these secondary particles are negative ions and electrons. These 
secondary particles are converted to electrons at the first dynode which are then amplified by 
the electron multiplier to produce a current.
141
 In a discrete dynode electron multiplier a 
series of dynodes are place in sequence at decreasing negative potentials. The secondary 
electrons are accelerated to the next dynode by the lower potential and on collision generate 
more electrons. 
 
Figure 1.17- Electron multiplier array.
141
 
 
This process continues multiplying the number of electrons until they are detected as an 
electric current at the end of the multiplier. Discrete dynodes are effective as single point 
detectors, but must be altered to a continuous dynode electron multiplier such as a 
microchannel plate (MCP) for use with ToF where ions arrive over a wide area. The plate has 
an array of parallel cylindrical channels drilled with a potential gradient applied across the 
input and output sides. Secondary electron production is ensured by a semiconductor 
substance covering each channel and can multiply the produced electrons by 10
5
. At the 
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output side of each channel a metal electrode collects the cascade of electrons and measures 
ion abundance. With short channel lengths an MCP detector can have a very fast response 
time and the array configuration allows for simultaneous ion detection as ions arrive at 
different points on the detector.
141
 
 
1.5 Hyphenated Techniques for Mass Spectrometry 
 
Hyphenation of techniques with mass spectrometry can allow increased resolution of 
complex mixtures where their separation based solely on m/z is not possible. Hyphenation of 
mass spectrometry to techniques such as liquid chromatography, gas chromatography or ion 
mobility allows for an increase in resolution and analytical capability of instrumentation, 
though this may come at an increase in cost, analysis time and added sample preparation. 
  
1.5.1 Ion Mobility spectrometry 
 
Ion mobility (IM) allows the separation of complex mixtures in the gas phase based upon 
their collision cross section (Ω), based on a compounds size, shape and charge. IM devices 
are commercially available and are often found at security check points due to their capability 
to detect a range of explosive, narcotic and chemical warfare compounds.
17,
 
169
 In recent 
years their miniaturisation has seen bench top instrumentation develop commercially into a 
range of hand held portable devices for monitoring of VOCs.
170,
 
171
 The use of a weak electric 
field for the separation of gaseous ions was first described by Mason and Schamp in 1958
172
 
and has since been applied to security,
173
 military,
174,
 
175
 proteins,
176
 and environmental 
analysis
177
 with numerous review articles published towards fundamental theory and 
explosive detection.
17, 132,
 
178–180
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1.5.1.1  Drift Tube Ion Mobility Spectrometry (DTIMS) 
 
In its simplest form an ion mobility spectrometer consists of an ionisation region and a drift 
region. Gas phase ions generated in the ionisation region are held by a potential applied 
across a shutter grid. Once the shutter grid is opened a ‘packet’ of ions enter the drift region 
where they move under the influence of an applied electric field. As the ion travels in one 
direction along the drift tube a drift gas flows in the opposing direction. Collisions between 
the ions and the buffer gas (usually nitrogen, air or helium) impede their movement through 
the drift tube and separate ions based on their ion mobility.
181
 Ions of the same charge are 
influence by the electric field equally, however larger ions will undergo more collisions with 
the drift gas slowing their mobility through the drift tube resulting in their ion mobility 
separation.
131
 In a simple atmospheric pressure drift tube, the ions are detected at the end of 
the drift tube by a Faraday plate. 
 
             
Figure 1.18- Drift tube ion mobility spectrometer (Modified from
179
). 
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1.5.1.2 Ion mobility theory 
 
The mobility of an ion (K, cm
2
 s
-1
 V
-1
) is determined by the ions velocity (Vd, cm s
-1
) under 
an electric field gradient (E, V cm
-1
) through a drift gas, given by; 
   
  
 
    Equation 1.17 
 
Alternatively, the mobility of the ion can be calculated by the drift time (td, seconds); the time 
required to travel the full length of a drift cell (L, cm) subject to the electric field gradient (E, 
V cm
-1
); 
   
 
   
    Equation 1.18 
 
The ion mobility is related to experimental conditions and ion characteristics, as shown by 
the Mason-Schamp equation, where q is the ion charge, N is the number density of the drift 
gas, µ is the reduced mass of the ion and the drift gas, K is the Boltzmann constant, T is the 
temperature of the drift gas and ΩD is the collision cross section of the ion. 
     
   
   
  
   
 
 
  
   
 
  
   Equation 1.19 
 
This value of ion mobility is then corrected to standard conditions of temperature (T, Kelvin) 
and pressure (P, Torr) to give the reduced ion mobility (K0), this allows measurements under 
differing conditions and instruments to be compared. 
     
   
 
  
 
   
    Equation 1.20 
 
At constant pressure and temperature the most important factors in the Mason-Schamp 
equation are the ion charge (q) and the collision cross section (Ω). This enables the separation 
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of conformers and structural isomers by their charge and Ω and the structural elucidation by 
collision cross section measurements. 
The relationship between K and Ω only holds at low electric field strengths, where the 
electric field strength to the buffer gas density number is small (ie E/N is equal to or less than 
2 Td, where 1 Td = 10
-17
 V cm
2
). This is because at higher values of E/N the mobility is no 
longer independent of the drift field, but rather field dependant. This high field dependence is 
the principle used in high-field asymmetric waveform ion mobility spectrometry (FAIMS).
131
 
 
1.5.1.3 Travelling Wave Ion Mobility Spectrometry (TWIMS) 
 
TWIMS employs a series of stacked ring ions guides (SRIG) with opposing phase rf voltages 
applied (Figure 1.19). The rf voltage forms a focused ion beam, or ‘ion pipe’, where in the 
centre the field is low but rises rapidly if the ion drifts towards the wall of the electrode. The 
segmented design of the SRIG generates an oscillating axial field. A superimposed dc 
potential propels ions through the SRIG, switching from one ring to an adjacent ring along 
the axis, providing a moving electric field or a ‘travelling wave’.182–184 
 
Figure 1.19- Stacked ring ion guide.
183
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The travelling wave (T-Wave) (Figure 1.20) pushes ions down a potential gradient, 
minimising the time an ion spends in the ion guide. The travelling wave height (V) can be 
altered to cause one of three events; with no travelling wave the ion becomes trapped, with a 
large wave the all the ions are propelled at the speed of the travelling wave, and with an 
intermediate height wave, the ion will be propelled but the opposing buffer gas will result in 
collisions which slow the mobility of the ion as it rolls over the top of a wave. This allows the 
spectrometer to act as an ion mobility device. 
       
 
Figure 1.20- Movement of ions by the stacked ring travelling wave.
183
 
 
T-wave ion mobility is found in the Waters Synapt HDMS instrument, which has been used 
for this experimental work (Figure 1.21). Contained within a TriWave cell are three SRIGs 
called the trap, IMS and transfer cells. Ions are focused in the trap using a rf potential and 
held there using a dc potential across the gate. Once this potential is removed a ‘packet’ of 
ions enter the IMS cell and undergo mobility separation. The ions pass through to the transfer 
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cell where no buffer gas is present, but the travelling wave is still applied to maintain the 
mobility separation. Ions are then transported to the orthogonal reflectron ToF for separation 
based on m/z. 
This instrument allows the determination of collision cross sections, and provides an 
additional separation of mixtures based on their mobility. The application of different buffer 
gases such as the more polarisable CO2 has also been applied to alter drift times and 
separation factors.
185
 Though the effect of polarisability and mass is seen to alter observed 
CCS values.
186
 
 
 
Figure 1.21- Diagram of the Waters Synapt HDMS instrument.
187
 
 
1.5.1.4 Measurement of collision cross section with TWIMS 
 
Ions with a high mobility will constantly be propelled by the travelling wave through the drift 
tube. Those with a lower mobility will interact with the buffer gas and roll over the top of a 
wave to be propelled by a subsequent wave. These different velocities through the drift cell 
allow separation and are the basis for determining the collision cross section (size and shape) 
of ions.
188–190
 Smaller compact ions will have a higher velocity through the drift cell as they 
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will incur fewer collisions with the drift gas. In drift tube ion mobility, the drift velocity is 
related to the collision cross section and ions are affected by a static drift field. Determination 
of collision cross sections in TWIMS is more difficult due to the non linear path through the 
drift cell. The determination of CCS in TWIMS is carried out by calibration using a series of 
standards with known CCS calculated in DTIMS with a helium buffer gas. Standards used 
include tetraalkyl ammonium halides (TAAHs),
138
 peptides,
191
 proteins,
189
 carbohydrates
192
 
and oligonucleotides.
193
 The choice of standard is determined by the characteristics and mass 
range of the compound being analysed. 
The drift tube CCS measurement is adjusted for the T-wave calibration by;  
         
           
 
 
    
 
 
    
 
      Equation 1.21 
 
The drift time measured in the T-wave is calculated by; 
                                     Equation 1.22 
 
This is then corrected for the time taken to pass through the transfer and the mobility drift 
cell; 
  
                    Equation 1.23 
 
The corrected drift time is then corrected for the time taken to exit the transfer and reach the 
detector, defined as the corrected effective drift time (td
’’
) 
            
   
    
                Equation 1.24 
 
A calibration graph can be plotted with either a power or straight trend line fitted to the data 
for constants A and B to be determined (Figure 1.22). A is the correction factor for the 
temperature, pressure, and electric field parameters. B compensates for the non-linear effect 
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of the TWIMS system. These constants can then be used to estimate the T-wave CCS of 
unknowns by; 
             
              
 
    
 
 
    
 
   
 Equation 1.25 
 
 
Figure 1.22- Linear calibration to determine constants A and B.  
 
1.6 Modelling methods 
 
The modelling of CCS allows the comparison of theoretical data to that of experimental, 
allowing modelled representations of compounds to either predict or support observed results. 
Commonly used software for modelling the low energy structure of a compound is 
Gaussian.
194
 This software can be used to model structures and generate energetically relaxed 
systems for further analysis by a separate software package such as MOBCAL.
195,
 
196
 
MOBCAL is a free open source program developed by Schvartsburg and Jarrold which uses 
the coordinates derived from models, or X-ray crystallographic data to calculate theoretical 
CCS. Though experimentally measured CCSs often vary to the theoretical CCS due to 
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expansion in the gas phase or their varying charge state.
197
 Three calculations are used to 
determine the theoretical CCS of a compound on the basis of calculating the trajectories of a 
helium atom collision with a modelled compound, replicating the buffer gas used in DTIMS. 
 
1.6.1  Projection approximation (PA) 
 
The compound is modelled using overlapping hard spheres to model the radii of each atom. 
The compound is orientationally-averaged and the collision geometries used to calculate the 
CCS. A representation of this method is the determination of a compounds size from the size 
of the shadow cast. PA works well for small molecules and is the fastest of the three 
calculations.
188
 This model ignores the long range potentials and details of the buffer gas 
scattering. This makes it unsuitable for large complex biological systems. A new model 
called the projection super approximation (PSA) is currently being developed which shows 
modelling accuracies similar to the trajectory method, but is computationally less arduous.
198–
200
 
 
 
Figure 1.23- Representation of the projection approximation model (PA). 
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1.6.2 Exact hard sphere scattering (EHSS) 
 
Using the hard sphere radii of the orientationally-averaged molecule, the scattering angles of 
incoming and departing buffer gas atoms are calculated. The CCS is determined from these 
calculated angles and generally gives larger values than PA and TM methods, overestimating 
the effects of multiple scattering. Long range potentials are not taken into account between 
the buffer gas and ion.
201
 
 
1.6.3 Trajectory method (TM) 
 
The orientationally-averaged ion and helium are treated as a two body Lennard-Jones 
potential (6-12 potential) (Figure 1.25). This takes into account long range potentials between 
the ion and the buffer gas and the effects of multiple scattering (Figure 1.24). The CCS 
determined usually give the most reliable values for small and large molecules, however it is 
the most lengthy of the calculation methods used. 
 
 
Figure 1.24- Representation of the trajectory method model (TM).
195
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The two body Lennard-Jones potential consists of a repulsive function and an attractive 
function. These are Pauli repulsion and van der Waals forces respectively and define the 
interaction between two atoms. When two atoms are spatially apart the attractive van der 
Waals forces dominate, pulling the two atoms together. As the distance becomes shorter the 
potential between the two favourably decreases to ro. Here the potential attractive and 
repulsive forces are in equilibrium. If the atoms move closer together the repulsive forces 
increase and the relative potential increases significantly.  
         
 
 
 
  
  
 
 
 
 
    Equation 1.26 
Where ε is the depth of the potential well, σ the distance the inter-atom potential is zero, r is 
the distance between the atoms. This is graphically represented in Figure 1.25. The Lennard-
Jones potential can never reach a zero distance as the atomic radii and overlap of electron 
orbitals are taken into consideration. 
 
 
Figure 1.25- Representation of the Lennard-Jones potential. 
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Chapter 2 
 
Synthesis and stability of triacetone 
triperoxide and its reactivity with metal 
compounds in the molten phase 
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2.1 Introduction 
 
Triacetone triperoxide is an organic peroxide explosive.
1
 It can be classified as a primary 
explosive due to its ease of detonation by friction, heat or impact.
2–4
 Research based on this 
and other peroxide explosives has increased significantly in recent years. Its simple formation 
and easily obtained starting materials have made this the explosive of choice in improvised 
explosive devices.
5,
 
6
 
The synthesis of TATP is an acid catalysed reaction between acetone and hydrogen peroxide. 
The use of a variety of acids and starting material concentrations have been shown to affect 
the formation of TATP and even the purity of the crystalline white product formed.
7–10
 The 
formation of TATP is a kinetic product, with a second, more stable explosive compound 
called diacetone diperoxide (DADP) being the thermodynamic product.
3
 TATP is show to 
degrade to products such as acetone, DADP, methyl acetate and acetic acid as well as 
methane, O2 and CO2 and a range of other products.
11–13
 Those formed are found to vary 
depending whether TATP is thermally or acidically degraded and whether TATP is in a 
gaseous or condensed phase.
13
 The solvent medium is also found to largely affect the 
products, with HCl gaseous streams forming predominantly chlorinated products, or a toluene 
solution forming a range of benzyl products.
11, 14,
 
15
 The variety of compounds formed stems 
from the initial step in TATP decomposition with the homolytic cleavage of an oxygen- 
oxygen bond to form a diradical intermediate.
13
 
The reaction of TATP with a range of metal compounds has been used to degrade TATP in 
solution.
16–18
 The dominant products from such reactions are observed to be acetone and have 
shown potential use as compounds to safely destroy quantities of TATP.
17
 Many examples of 
TATP detection are based around acid catalysed degradation, followed by detection of the 
products formed.
19–22
 Some compounds such as the alkali earth metals and ammonium have 
been shown to form adducts stabilising TATP for detection.
23–25
 The reaction of TATP with 
metal compounds as routes for possible crown ether chemistry has not previously been 
explored. TATP is analogous to 9-crown-3 ether which has previously shown complex 
formation with a range of metals.
26–30
 
TATP is observed to have 6 crystal polymorphs in the solid phase, each of which show a D3 
conformation.
31
 This is the major conformation of TATP, the minor being a C2 conformation 
that can be separated by liquid chromatography.
32,
 
33
 The two conformations can be observed 
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by NMR analysis in a 95:5 (D3:C2) ratio.
32
 The C2 conformer rapidly interconverts when 
isolated at room temperature, showing 25 % conversion to the thermodynamically stable D3 
conformer after just one hour.
32
  
The following shows reaction of TATP with a range of metal compounds by formation of a 
TATP melt to aid interaction, and of the degradation products formed from molten TATP. 
60 
 
2.2 Aims and objectives 
 
 Characterise the synthesis of TATP. 
 
 Investigate the reactivity of TATP with metal compounds. 
 
 Observe the thermal degradation products of TATP in the condensed phase. 
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2.3 Experimental  
2.3.1 Chemicals 
 
HPLC grade methanol was purchased from Fisher Scientific (Loughborough, U.K). Lithium 
chloride was purchased from Fluka, solvent grade acetone purchased from Hammond 
chemicals Ltd, sulphuric acid (95 %) and methanol purchased from VWR chemicals; and 
hydrogen peroxide purchased from Alfa Aesar were used in the synthesis of TATP.  
Iron (ii) chloride, nickel acetate, zinc chloride, silver acetate, berylium sulphate, palladium 
(ii) chloride, copper (i) chloride, copper acetate, copper fluoroborate, cobalt (ii) acetate 
tetrahydrate, ammonium chloride, ammonium fluoroborate, sodium tetraphenylborate, 
magnesium bromide, tetrakis(acetonitrile)palladium(II) tetrafluoroborate, lithium 
hexafluorphosphate and trifluoroacetic acid were purchased from Sigma Aldrich. Copper (ii) 
chloride was purchased from Fisons plc.  
 
2.3.2 Synthesis of TATP 
 
Note: This procedure should be performed with great care given the primary explosive 
nature of TATP making it sensitive to impact and friction detonation. Once the starting 
materials were combined this was then treated as an explosive mixture and appropriate 
precautions taken. 
Synthesis of TATP followed a procedure described previously.
3
 Acetone (1.1 g, 0.0189 mol) 
was weighed into a sample vial with hydrogen peroxide (27%, w/w) (2.6 g, 0.0206 mol). The 
solution was cooled in an ice bath and 3 drops of conc. sulphuric acid added. The stoppered 
vial was left to warm to room temperature over 24 hrs forming a white precipitate, which was 
filtered, washed thoroughly with deionised water, weighed and placed in a lightly stoppered 
sample vial. TATP was recrystallised from methanol with formation and purity confirmed by 
NMR. The yield of this catalytic reaction ranged between 300-400 mg. 
1
H NMR (400 MHz, 
CDCl3) δ 1.48 (s) (D3); δ 1.80 (s), δ 1.48 (s) and δ1.31 (s) (C2); 
13
C NMR (100 MHz, CDCl3) 
δ 21.4 (CH3) (D3), δ 23.1, δ 21.4 and δ 20.4 (CH3) (C2); δ 107.5 (ring C). 
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2.3.3 Infra-red (IR) analysis of TATP 
 
Infra-red spectroscopy was performed using a Perkin Elmer spectrum 100 FT-IR 
spectrometer. Measurements were made using KBr discs, TATP was added to a finely ground 
powder of KBr followed by further grinding until homogenous and then slowly pressed into a 
disc. FT-IR (v cm
-1
) 1364 (C-C), 1202 (C-O), 947-786 (C-C & O-O). Note: This procedure 
should be performed with great care given the primary explosive nature of TATP making it 
sensitive to impact and friction detonation. TATP was gently ground, and application of 
pressure to form the disc was performed with extreme care and delicacy so as not to cause 
an impact or friction detonation or the formation of hot spots within the explosive. 
 
2.3.4 NMR analysis of TATP 
 
All 
1
H and 
13
C NMR date were recorded on a Bruker 400 MHz at 400.13 and 100.62 MHz 
respectively. Small quantities of TATP were dissolved in a range of deuterated analytical 
solvents. Precautions were taken to ensure the safe handling, transportation, analysis and 
storage of all TATP containing samples. This required the approval of standard operating 
procedures which are included in the appendix. A safety container constructed for these 
experiments is shown, Figure 2.1. 
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Figure 2.1- Safety container for the transportation of NMR samples containing TATP. 
 
2.3.5 Reaction of TATP with metal compounds in solution 
 
TATP was dissolved in acetonitrile with an equimolar concentration of metal compound 
added. These solutions were stoppered and allowed to stand overnight with observation of 
any colour changes.  
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2.3.6 Formation of molten TATP and reaction with metals 
 
50 mg of vacuum dried TATP (0.23 mmols) was heated until molten with a series of metal 
compounds. Visual observations were made during reaction and once cooled TATP was 
removed with washings of diethyl ether. The product was studied under microscope to detail 
any physical and colour changes. Reactions took place with the following metals present; 
palladium chloride, copper chloride, copper fluoroborate, ammonium chloride, ammonium 
fluoroborate, sodium tetraphenylborate, magnesium bromide, copper acetate. 
 
2.3.7 Thermal stability of TATP as a molten solution 
 
TATP was vacuum dried and added to a small schlenk tube and vacuum dried for a further 5 
mins. The sample was then lowered into an oil bath (120 °C) and heated for between 5 mins 
and 24 hrs. After cooling, the crystalline TATP was removed using deuterated solvent and 
analysed by NMR. 
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2.4 Results and discussion 
2.4.1 NMR and IR analysis of the formation of TATP 
 
The formation of TATP was observed by 
1
H, 
13
C NMR and IR analysis and confirmed by 
literature comparison. The 
1
H NMR of TATP, Figure 2.2, shows the major D3 conformer of 
TATP at 1.4 ppm and the minor C2 conformer at 1.7 and 1.2 ppm. A third environment of the 
C2 conformer is often obscured by the D3 conformer as it is also observed near 1.4 ppm. 
These observations support the literature.
32,
 
34
 
 
 
Figure 2.2- 
1
H NMR (CD3OD, 400MHz) of TATP. 
 
The safe formation of KBr discs and a comparison to solvent based IR analysis was 
conducted. KBr analysis supported the formation of TATP with observed stretches 
comparing well to literature.
35–37
 A repeated analysis of the KBr disc was made after several 
days with TATP stretches still clearly present, showing the KBr disc impaired sublimation of 
C2 
C2 
D3 D3 
C2 C2 
CD3OD 
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TATP due to the compact nature of the disc. The use of KBr was found to be the optimum 
form of IR analysis as solution based FT-IR in nujol, or samples wetted with toluene, 
methanol or acetonitrile were found to severely suppress TATP stretches. Diethyl ether was 
suggested suitable, although due to the low b.p of this solvent, much of the ether had 
evaporated off to leave a nearly dry sample of TATP. The stretches observed using diethyl 
ether were similar to those observed by KBr. TATP could also be observed in toluene, though 
stretches were suppressed due to the toluene background. Given the dangers of detonation by 
KBr grinding, the use of diethyl ether could be sought as a suitable alternative to dissolve 
small samples of TATP for IR analysis. The peroxide stretches seen in TATP compare well 
to the hydrogen peroxide O-O stretch of 878 cm
-1
. The hydrogen peroxide OH stretch at 3582 
cm
-1
 is not seen in the TATP product. 
Figure 2.3- IR spectra of TATP obtained by KBr. 
C-O and O-O 
C-O 
C-C 
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2.4.2 Complexation of TATP with metal ions 
 
Cyclic TATP can be compared to 9-crown-3 ether as, when in the D3 conformation, there are 
3 oxygens facing upwards and 3 downward. Providing 3 oxygen bonding sites for metals to 
bind. The binding of crown ethers to alkali and transition metals has been studied in depth,
38–
40
 with further examples of metal binding to 9-crown-3 ether.
26–29
 The potential binding of 
TATP with transition metals is explored. All products were considered explosive and 
precautions were taken to ensure safe handling of compounds. 
 
2.4.3 Reaction of TATP with metals in solution 
 
To test the reactivity of TATP with a series of metals, a concentrated solution of the peroxide 
in acetonitrile was formed, followed by addition of a metal compound. All mixtures were 
seen to fully dissolve and were left to stand for a short period of time. Analysis of any 
chemistry occurring was through observed colour changes, evaporation of the solvent and 
examining any changes to the remaining product, and by NMR analysis of the solvent before 
evaporation. A clear visual effect would be expected to occur upon reaction with transition 
metals. No clear colour or physical changes were observed and no changes to an NMR 
sample were noted. Solution tests were conducted using the following metals; Lithium 
hexafluorophosphate, lithium chloride, copper tetrafluroborate, copper chloride, 
tetrakis(acetonitrile)palladium(II) tetrafluoroborate and nickel acetate. As the metals were 
seen to fully dissolve, it can be considered from these observations that TATP is a poor 
ligand compared to the solvent. The consideration of performing these reactions in the 
absence of a solvent was made, using high temperatures to form molten TATP to act as the 
solvent. 
 
2.4.4 Reaction of TATP with metals during molten experiments 
 
A series of metallic compounds have been selected based on the presence of a cation known 
to form adducts with TATP, a labile anion, or their distinctive colour allowing observation of 
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transition colour chemistry. As previous solution based reactions had failed to indicate any 
chemistry occurring, the removal of a solvent medium to concentrate TATP and metal 
interaction was pursued. This lead to the extreme route of heating TATP to induce a molten 
liquid phase which would act as the solution for the compounds to interact within.  
The dangers to this procedure should be clear; TATP is a primary explosive and as such is 
inherent to detonation upon heating. Whilst these reactions were relatively simple to 
perform, the inherent dangers required extensive collaboration to ensure all safety 
considerations were observed and suitable safety protocols were in place. The reactions 
were conducted in a blast proof fume hood, using an additional blast shield with as small 
amount of the explosive as reasonably possible. The following reactions were conducted 
under supervision in case any incidents occurred. 
 
 
Figure 2.4- Oil bath and sample tubes used to heat TATP and metals (Note: A blast shield 
was used to shield TATP during heating). 
 
The quantity of TATP used was 50 mg, allowing a suitable volume of molten TATP to be 
formed for the added compound to be fully submerged. The metallic compound to be reacted 
69 
 
upon was weighed out in a 5:1 (TATP: metal) molar ratio and added to the reaction tube on 
top of TATP. By placing the reacting compound on top of the crystalline TATP, before the 
addition of heat, allowed for the compound to pass through the solution as the TATP 
gradually melted in an effort to increase mixing. The tube was stoppered, lowered into a 120 
°C pre heated oil bath and later removed and allowed to cool to room temperature. With all 
these reactions, crystallisation of TATP was seen around the sides of the reaction vessel, 
formed by sublimation and subsequent cooling of TATP. As the reaction time increased the 
quantity of TATP crystallisation increased. For all of the reactions, the reacting compound 
was seen to drop through the molten TATP and settle at the bottom of the reaction tube. The 
dissolution of the compounds was difficult to observe in light of the dangers of remaining too 
close to the reaction. Once cooled, the TATP was removed using washings of ether. The 
remaining product was removed onto a glass slide for observations to be made. 
 
 
Figure 2.5- General depiction of metal compound of dried TATP and dropping through 
TATP as it becomes molten. 
 
The following observations were made when molten TATP was reacted with palladium 
chloride. Collection of the material was viewed under a microscope. The characteristic 
powdered PdCl2 was observed along with a reddish lump which with gentle scratching of the 
surface removed the red powder to reveal a metallic appearance. This effect was observed in 
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several repeats and washings of these clumps to remove powdered PdCl2 were made in 
diethyl ether, toluene and acetonitrile separately. Only acetonitrile was found to have an 
effect whereby after 20 mins the lumps appeared to have less red powder covering them, with 
the solution tinting from colourless to pale yellow.  
Allowing the lumps to remain in solution overnight led to a clear yellow solution with no 
solid present. This same yellow solution was found with the addition of powdered PdCl2 to 
acetonitrile. PdCl2 is often complexed with acetonitrile forming PdCl2(CH3CN)2 for organic 
reactions.
41
 The lumps observed therefore were concluded to remain PdCl2 and to have been 
formed by aggregation of the PdCl2 in the molten phase of TATP. 
 
Figure 2.6- Separation of powdered PdCl2 from the lumps formed after molten TATP 
reaction. 
 
Figure 2.7- Appearance of PdCl2 clumps after 20 mins in acetonitrile. 
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Numerous reactions with both anhydrous and hydrated copper chloride were attempted. An 
initial experiment in which non vacuum dried TATP was mixed with anhydrous CuCl2 saw 
re-hydration of CuCl2 to the characteristic blue colour. After heating, the CuCl2 morphology 
and colouration appeared similar to that of anhydrous CuCl2. The product was pale green/ 
brown, with patches of white, Figure 2.8. These colour changes were deemed to be changes 
in hydration of the copper compound caused by heating. The product was seen to become 
greener and visibly wet on standing in air. These observations were identical to those made of 
both Cu(I) and Cu(II) chlorides when dried and left to stand in air. 
The same observations were made when anhydrous CuCl2 was added to vacuum dried TATP. 
The appearance of needles in the image below is believed to be caused by fusing of the 
crystalline CuCl2. 
 
Figure 2.8- Appearance of CuCl2 after reaction with molten TATP. 
 
When copper fluoroborate was used in the molten experiment a green solid in an aqueous 
suspension was yielded. Aqueous solutions of Cu(BF4)2 have been reported to decompose to 
2BF3, CuF2 and H2O.
42
 With no other physical changes being observed this was not pursued 
further. 
Reactions with further compounds; copper chloride, ammonium chloride, ammonium 
fluoroborate, sodium tetraphenylborate, magnesium bromide, and copper acetate were also 
performed. For all these reactions grinding of needles and crystalline compositions occurred 
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before mixing with TATP. Comparative observations were made of all samples to their 
unreacted form. It cannot be ruled out that some small % of reaction is occurring, however, 
no changes were observed in the metal compounds added that would lead to the conclusion of 
any complex chemistry between the metal and TATP. It was considered that due to the raised 
temperatures to form molten TATP, some degradation may be occurring instead of formation 
of a crown ether like complex. This lead to the investigation of the thermal degradation of 
TATP in the molten state, Section 2.4.5 
 
Table 2.1- Compounds tested in molten TATP reactions. 
 
 
 
 
 
 
 
 
2.4.5 Thermal degradation of TATP 
 
The consideration was made that TATP might be undergoing decomposition during molten 
experiments. TATP was vacuum dried in a schlenck tube as previously described and 
lowered into a 120 °C preheated oil bath. The extent of degradation was observed by NMR 
analysis with TATP subjected to heat for 5 mins, 15 mins, 25 mins, 6 hrs and 24 hrs. 
After being molten for 5 mins TATP was seen to partially degrade to DADP, acetone and 
acetic acid, with other minor impurities only becoming clear in the NMR after a 24 hr melt. 
These impurities were less than 1 % of the peak intensity of acetone and could not be 
identified. The DADP intensity was observed to be ~7 % of the TATP D3 conformer peak 
Compound Observations 
PdCl2 Red clumps formed 
CuCl2 Colour change 
CuCl No change 
Cu(BF2)2 Green suspension formed 
Cu(CH3COO)2 No change 
NH4Cl No change 
NH4BF4 No change 
MgBr2 No change 
NaB(C6H5)4 No change 
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after a 5 min melt and increased linearly in intensity with increased time TATP was molten 
up to the 6 hour melt. Degradation of DADP was observed in the 24 hr melt with its relative 
intensities severely diminished. The degradation of DADP led to an observed increase in the 
acetone peak intensity, supporting observations by the literature.
13
 
The formation of these observed degradation products have been reported previously.
11, 13,
 
16
 
Methyl acetate has been shown in the condensed phase by thermolysis of TATP, though no 
evidence of its presence could be observed here.
13
 Interestingly thermolysis of TATP in the 
condensed phased showed no evidence of DADP formation in the literature, though it is 
clearly seen here.
13
 This may be due to the lower temperatures used to induce a molten state 
of TATP allowing for the more stable DADP to remain intact for longer, and the observation 
of decomposition products periodically on a time scale of minutes to 24 hrs as opposed to the 
70 hrs by Oxley et al.
43
  
It can be concluded that thermal degradation of TATP in the molten phase is occurring, 
however, this degradation is minimal in the melts of 5, 15 and 25 mins. The reaction of metal 
compounds with TATP in Section 2.4.4 can therefore be shown to be occurring in a molten 
phase of TATP without significant degradation. 
 
2.4.6 Degradation by acid 
 
A drop of TFA was added to a solution of TATP and monitored over a period of days. The 
formation of DADP can be observed shortly after addition to TATP. This increase in DADP 
is accompanied by an increase in acetone and acetic acid. TATP was seen to be fully 
degraded after 42 hours presenting two environments in the proton NMR for DADP at 1.8 
ppm and 1.3 ppm corresponding to two methyl environments as detailed in the literature.
7,
 
44,
 
45
 No other signals were observed to suggest the formation of other degradation products. 
DADP: 
1
H (400 MHz CDCl3) δ 1.819 (s, CH3), δ 1.375 (s, CH3), 
13
C (100 MHz, CDCl3) δ 22 
(CH3), δ 20 (CH3), δ 107 (ring C). 
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Figure 2.9- 
1
H NMR (CDCl3, 400 MHz) of TATP degradation products. 
 
Whilst TATP can be decomposed by thermal degradation and acidic degradation, by acid 
catalysed degradation the DADP formed appears to remain stable. The DADP signals did not 
appear to degrade when monitored one week later, suggesting that acid catalysed destruction 
of TATP is a process that would require monitoring to ensure that the formed DADP was 
subsequently destroyed and not left to remain an explosive hazard. Thermal degradation is 
shown to degrade both TATP and DADP to acetone and other non-explosive products and 
can be envisaged as a practical route for the destruction of explosive residues, when the 
hazards of both methodologies are strongly considerations for the desired application. 
 
2.4.7 Conformers of TATP 
 
It has been previously shown by LC-NMR, the rapid conversion of the C2 conformer to the 
more stable conformer of D3 at room temperature upon isolation.
32,
 
33
 A single crystal of 
TATP was dissolved in deuterated acetonitrile (CD3CN) and analysed by NMR. This crystal 
DADP DADP 
Acetone 
Acetic 
acid 
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was assumed to be 100 % D3 due to the observed polymorphism characteristics of crystalline 
TATP all showing the D3 conformation.
3,
 
31,
 
46
 The initial ratio of the D3:C2 conformers was 
nearly 99:1 %, a ratio that can be postulated as starting at 100 % D3, but due to the time taken 
between preparing the NMR sample and measurement, conversion had already begun. The 
conformer ratios can be shown to convert slowly over a period of 74 minutes to the C2 
conformer with only 1 % of the D3 conformer being seen to convert to C2. This rate of 
conversion is much slower than that observed of isolated C2 converting to D3 and highlights 
the thermodynamic stability of the D3 conformer. 
 
 
Figure 2.10- 
1
H NMR (CD3CN, 400MHz) change in C2 conformer abundance over time. 
 
In contrast, in the molten state of TATP the energy of conversion between these two 
conformers is overcome allowing the conformer ratios to shift towards C2. The conversion 
back to the commonly observed 95:5 % (D3:C2) ratio was seen to have been achieved upon 
observation after 3 days in solution. Kinetics of the conversion of TATP between the two 
conformers has previously been shown.
32
 The use of molten TATP allows the C2:D3 
conformer ratio to be increased, allowing for proton and carbon NMR to be more easily 
CD3C
N 
C2 conformer 
peak at 74 
mins 
C2 conformer 
peak at 2 
mins 
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obtained of the C2 conformer due to the increased signal to noise, Figure 2.11 and 2.12. This 
increased resolution has allowed for the observation of coupling of methyl groups in the C2 
conformer, not previously reported. The quartet observed, shown in Figure 2.11, is by 
4
J 
coupling of the axial and equatorial CH3 groups. This coupling is seen only in the peaks at 1.7 
and 1.2 ppm, the observed peak at 1.4 ppm is a singlet, and supports the literature that two 
CH3 groups on one carbon are equivalent, just as all methyls are in the D3 conformer of 
TATP are equivalent. Whilst the hazards cannot be stressed enough as to the dangers of 
rapidly heating an explosive, this shows a far simpler methodology available to study the 
conformers of TATP without the separation of D3 and C2 conformers by liquid 
chromatography. 
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Figure 2.11- 
1
H NMR (CD3CN, 400 MHz) TATP after the molten state, highlighting the 
increased signal to noise of the C2 conformer. 
D3 
C2 C2 C2 
C2 
C2 
C2 
D3 
CD3CN 
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Figure 2.12- 
12
C NMR (CD3CN, 400 MHz) TATP after the molten state (ring carbon peaks 
not shown). 
 
2.5 Conclusions 
 
TATP has been reacted upon with metals in both a solvent, and a molten phase using TATP 
as the liquid medium with no coordination chemistry being observed. The formation of 
molten TATP has been shown to be a possible method for future chemistry in which use of a 
solvent medium may be unfavourable. TATP is shown to remain intact for up to 6 hrs when 
molten at 120 °C with the formation of degradation products of DADP, acetone and acetic 
acid being observed. Acetone is the main observed degradation product after a 24 hr melt, 
with DADP also being degraded, unlike in an acid catalysed decomposition of TATP where 
DADP remains intact. The use of high temperature and the molten phase of TATP have also 
shown a possible route for the study of TATP conformers. 
 
  
D3 
C2 C2 C2 
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Chapter 3 
 
Analysis of triacetone triperoxide 
complexes with metal ions by 
electrospray ionization combined with 
ion mobility spectrometry and mass 
spectrometry 
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3.1 Introduction 
 
The peroxide based explosive triacetone triperoxide (TATP) has gained notoriety through its 
use by terrorist organisations. Its straightforward synthesis, availability of the starting 
products and an explosive power comparable to TNT have led to its involvement in a number 
of incidents 
1,2
 including the London bombings of 2005.
3
  
Many chemical based explosive detection systems rely upon the presence of a nitro group or 
a metallic element within the explosive; the lack of these in TATP makes detection difficult 
using these approaches.
4,5
 Mass spectrometric analysis of TATP allows identification of the 
explosive through accurate mass measurement and tandem mass spectrometry. However, the  
protonated TATP molecule generated in API ion sources fragments readily, making detection 
of the intact [M+H]
+
 ion by electrospray and atmospheric pressure chemical ionisation 
problematic.
6–8
 Complexation of the peroxide with either ammonium or alkali metal ions has 
been shown to improve the stability of TATP and facilitate mass spectrometric detection of 
intact TATP complexes.
8–10
 Oligomeric peroxides of TATP have also been observed by ESI-
MS through the formation of sodium adducts.
11–13
 TATP has been extracted from a range of 
surfaces by desorption electrospray (DESI) using an ammonium or alkali metal ion doped 
electrospray with low ng limits of detection.
6,14
 Ion mobility measurements have shown the 
potential to detect TATP from hair samples with the use of an ammonium ion dopant.
15
 
Hyphenated gas chromatography-ion mobility spectroscopy and ion mobility-mass 
spectrometry (IM-MS) have been used to observe [TATP+NH4]
+
 and [TATP+Na]
+
 allowing 
greater specificity and reduced false negatives.
8,16–18
 The use of metal ions such as copper, 
iron and titanium have previously been shown to detect TATP.
19–21
 Few papers describe the 
theoretical bonding of TATP to a range of metals including Cu
+
, Zn
2+
, Sc
3+
, Cd
2+
, with some 
examples retaining the intact TATP ring.
22,23
 Numerous papers have, however, shown 
transition metals to be used for the decomposition of TATP solutions.
23–25
 
Hyphenation with a travelling wave ion mobility (TWIMS) drift cell provides added 
specificity for the analysis of target ions and enables the measurement of collision cross 
sections (CCS). In a TWIMS device the relationship between drift time and CCS is non-
linear and therefore standards with known CCS, previously determined by linear drift time 
ion mobility spectrometry (DTIMS), are needed as calibrants. Calibrants include peptides, 
tetraalkyammonium halides (TAAHs), and pharmaceutical compounds.
13,19–23
 Experimental 
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CCS measurements may be compared to theoretical values calculated from x-ray structures or 
modelled data using the projection approximation (PA), exact hard sphere scattering (EHSS) 
and trajectory methods (TM).
24, 25
 
The study of metal complex ions by IM-MS has been reported using linear DTIMS and 
TWIMS with the CCS of biological molecules binding alkali metals being widely reported.
33–
37
 However, few examples exist of CCS measurements carried out on low molecular weight 
metal complexes.
38
 This chapter reports the analysis of TATP
 
complexed with a range of 
alkali metals using electrospray (ESI) ionization, combined with MS and IM-MS, and the 
observation of sandwich like complexes with lithium and silver ions. CCS measurements 
made by TWIMS are compared to theoretical values obtained from modelled data. 
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3.2 Aims and Objectives 
 
 To study the complexation of TATP to metal ions. 
 
 To investigate the ion mobility spectrometry characteristics of TATP ions with a 
range of metals. 
 
 To determine the CCS of [TATP+M]+ complexes formed and compare with CCS 
derived from modelled data. 
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3.3 Experimental 
3.3.1 Chemicals 
 
HPLC grade methanol, and the peptide standards; (Glycine)2, (Alanine)3, (Alanine)5, 
(Lysine)4, (Phenylalanine)4, (Phenylalanine)5 were purchased from Fisher Scientific 
(Loughborough, UK). Lithium chloride was purchased from Fluka, lithium bromide from 
Alfa Aesar, sodium chloride from Sigma Aldrich, potassium chloride and rubidium chloride 
from Avocado Research Chemicals Ltd and caesium chloride from the British drug houses 
Ltd. Solvent grade acetone purchased from Hammond chemicals Ltd, sulphuric acid (95 %) 
and methanol purchased from VWR chemicals; and hydrogen peroxide purchased from Alfa 
Aesar were used in the synthesis of TATP.  
Iron (ii) chloride, cobalt (ii) acetate tetrahydrate, nickel acetate, copper (i) chloride, copper 
acetate, zinc chloride, palladium (ii) chloride, silver acetate, berylium sulphate and 
magnesium bromide were purchased from Sigma Aldrich, copper (ii) chloride was purchased 
from Fisons plc. Gold chloro(tetrahydrothiophene) was produced in house. 
 
3.3.2 Preparation of TATP and metal complexes 
 
TATP synthesis was performed as described previously in Chapter 2, Section 2.3.2. Metal 
complexes were formed by dissolving TATP in HPLC grade methanol, followed by addition 
of aliquots of the TATP solutions to methanol solutions of the metals in a 1:1 molar ratio at 
concentrations in the range 0.59 – 2.24 µmol ml-1.  
 
3.3.3 IM-MS conditions 
 
All analyses were carried out using a Waters Synapt HDMS spectrometer (Waters, 
Manchester, UK). The ESI source was operated in positive ion mode at a capillary voltage of 
1.7 kV and a cone voltage of 3 V with sample infusion at a flow rate of 20 μL min-1. The 
source and desolvation temperatures were set to 100 °C and 150 °C, respectively, gas flow 
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(N2) rates were set to 0 L h
-1
 and 500 L h
-1
 respectively. The tri-wave drift cell conditions 
were set between 30 and 50 mL min
-1
 drift gas (N2) with a travelling wave height between 5-
25 V and a velocity of 300 m s
-1
. The acquired IM-MS data were processed using Driftscope 
and Masslynx 4.1 (Waters, Manchester, UK). 
 
3.3.4 CCS measurements 
 
CCS were determined in nitrogen using peptide standards of known CCS in helium.
39
 The 
calibration standards were analysed by IM-MS and used to calibrate the TWIMS data after 
correction for the non-linear electric field in the TWIMS system.
40–42
 The CCS of the TATP 
metal adducts were determined from the calibration graph using Equation. 3.1. 
             
                   
 
    
  
 
    
 
 
 
   Equation 3.1 
 
Where QT-wave is the determined collision cross section, td″ is the effective drift time 
corrected to account for instrument offsets, parameter B compensates for the non-linear effect 
of the TWIMS system and parameter A for the temperature, pressure and electric field 
conditions, Mion and Mgas are the masses of the analyte ion and the drift gas. 
 
3.3.5 Data processing of CCS data 
 
In an attempt to increase the precision of ion mobility collision cross section measurements 
an excel spreadsheet was generated to process the data. Within this spreadsheet, raw ion 
mobility data was reduced to the top 96
th
 percentile to allow a 4
th
 order polynomial equation 
to be fitted. This allowed the determination of bin numbers to 2 decimal places as opposed to 
integers, increasing the accuracy of each measurement. 
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3.3.6 LC conditions 
 
Liquid chromatography experiments were performed using Waters AQUITY UPLC 
(Manchester, UK) with BEH C18 1.7 µm column, a 0. 2 mL min
-1
 60:40 methanol:water 
(0.1mM NaCl added) isocratic solvent flow and a sample injection volume of 8 uL of 10 mg 
ml
-1
 TATP in methanol. 
 
3.3.7 Modelling conditions 
 
MOBCAL was used to calculate theoretical CCS from modelled and X-ray crystallographic 
data using the projection approximation (PA), exact hard sphere scattering (EHSS) and 
trajectory (TM) methods.
24,25
 Calculations were performed by Mark Edgar, department of 
chemistry, Loughborough university, using the GAUSSIAN-03 package employing the  
B3LYP method and using the 6-31G* basis set all atoms.
43
 Input geometries for TATP were 
designed to allow low symmetry, then as the D3 and C2 forms were approached, more 
efficient use of symmetry was employed, similar methods were used for the metal-TATP 
adducts. X-ray derived structures for TATP D3-form were used as input for Gaussian-03 
structure optimization and stationary points were produced at B3LYP/6-31G* without any 
geometry changes. 
Molecular structures were taken from X-ray crystallographic data (neutral compounds) or 
optimized using a density functional theory (DFT) based method (neutral compounds and 
complexes). Helium parameters were assumed when carrying out the MOBCAL calculations. 
For H, C, and O atoms, the 12-6 default parameters in MOBCAL were used with Cl treated 
as default Si. For Li adjustment of default sodium parameters was made to comply with the 
trend used by Bowers et al.
44
 For all atoms, charge induced dipole interactions were included 
from atomic charges computed via Mulliken population analysis using the B3LYP method 
and the 6-31G* basis set. 
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3.4 Results and discussion 
3.4.1 Electrospray ionization of TATP in the presence of alkali metal ions 
 
ESI-IM-MS alkali metal binding studies were carried out using Li, Na, K, Rb and Cs 
complexation as shown in Figures 3.1 and 3.2. All [TATP+M]
+
 complexes were found to be 
more stable than the [TATP+H]
+ 
ion, which fragmented readily by in-source CID and was not 
observed in the presence of the alkali metal ions. Retention of the metal ion was observed for 
all fragments of the alkali metal complexes, with each of the [TATP+M]
+ 
complexes  
fragmenting to form [C3H6O+M]
+
 with initial loss of C2H6.
45
 The fragmentation pattern of 
TATP bound to an alkali metal is shown in Figure 3.3, observed previously by Sigman et 
al.
12
 
 
Figure 3.1- ESI mass spectrum of [TATP+M]
+
 complexes (M = Li, Na, K in a                  
1:1:1:1 molar ratio). 
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The binding of TATP to rubidium and caesium was observed, with fragmentation pathways, 
isotope patterns and accurate mass measurement ([TATP+Rb]
+
, m/z 307.0210 (3.6 ppm), 
[TATP+Cs]
+
, m/z 355.0146 (3.4 ppm)) supporting the identification of these ions. The 
binding of TATP to ions as large as rubidium and caesium suggests the potential for binding 
of other large ions, however the abundance of these adducts is significantly lower than for 
alkali metal ions with smaller ionic radii such as lithium, suggesting they are not suitable for 
quantitative explosives detection of TATP. 
 
 
Figure 3.2- ESI mass spectra of [TATP+M]
+
 complexes (M = Rb, Cs). 
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The relative abundance of the alkali metal/TATP complex ions decreased in the order 
Li>Na>K>Rb>Cs. This order is believed due to the size of the metal s orbital and the degree 
of overlap made with the oxygen p orbitals.
22
 The smaller lithium ion is able to be located 
deeper in the TATP cavity than larger alkali metal ions such as caesium and so bond overlap 
is greater, helping stabilise the ion to fragmentation to a greater extent. The other alkali 
metals studied fall between these extremes leading to the observed relative intensities. 
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Figure 3.3- Fragmentation pattern of alkali metal [TATP+M]
+
 ions.                                
(Modified from Sigman 2008.
12
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93 
 
3.4.2 Electrospray ionization of TATP in the presence of transition and alkali earth metals 
 
It has been previously shown that TATP can bind to group one alkali metals with the binding 
of TATP to transition metals only being shown through computational approaches.
22,23
 The 
binding of TATP to group two and transition metals was therefore investigated. 
TATP was dissolved with each metal in a 1:1 molar ratio and directly infused into the ESI 
source. A range of metals, were analysed under a variety of mass spectrometry conditions 
with no [TATP+M]
+ 
adduct formation. Further investigation of the binding of TATP to group 
one metals lead to the understanding that binding to metals occurs due to s orbital overlap of 
the metal with the p orbitals of the oxygen.
22
 With this in mind the transition metals with s
1
 
orbitals were investigated more closely.  
Transition metals with binding potential appeared to be copper, silver or gold due to their 
favourable s
1
 character. Complexes of TATP with Cu(I) chloride or gold 
chloro(tetrahydrothiophene) were not observed. However, binding of TATP to silver when 
infused as silver acetate was evident as shown below in Figure 3.4. 
 
 
Figure 3.4- Mass spectrum of [TATP+Ag]
+
 ion. 
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The molecular ion of [TATP+107Ag]
+
 at m/z 329.0146 can be observed, with a 2.4 ppm 
mass error compared to the expected m/z 329.0155. The characteristic isotope pattern of 
silver aids identification with the observation of [TATP+109Ag]
+
 at 2Da higher. The isotope 
pattern is observed in the daughter fragments with the silver ion being retained during 
fragmentation through to [TATP+Ag-C6H12O5]
+
 at m/z 164.9476 (3.6 ppm). Within the 
spectrum [TATP+Na]
+
, its fragments, and clusters of silver + solvent ions can also be 
observed. The abundance of the sodium adduct is caused by the presence of sodium on the 
glassware used, competitively binding TATP in solution, before ESI infusion. 
The fragmentation pattern of [TATP+Ag]
+ 
can be more easily observed through tandem mass 
spectrometry, as shown in Figure 3.5. The initial fragmentation pattern observed is similar for 
alkali metals, with initial loss of C2H6 to form [TATP+Ag-C2H6] m/z 298.9675 (3.4 ppm) and 
final fragmentation to a metal complexed acetone, detailed above. The daughter fragments at 
223, 240 and 257 differ from alkali metal bound fragments. These daughter fragments form 
via fragmentation of m/z 299 and retain the characteristic silver isotope pattern. These are 
postulated to be [C5H8O3+Ag]
+
 at m/z 222.9535 (4.9 ppm), [C5H9O4+Ag]
+
 at m/z 239.9540 
(4.6 ppm) and [C5H10O5+Ag]
+
 at m/z 256.9579 (4.3 ppm) respectively. The identification of 
m/z 223 as [TATP+H]
+
 was considered, though accurate mass measurement and silver 
isotope pattern confirmed the identification as [C5H8O3+Ag]
+
. Further study is needed to 
understand this fragmentation pattern and how it differs from that observed during 
fragmentation of alkali metal bound TATP. This could be performed using deuterated TATP. 
The observed masses at m/z 183 and 347 are [C3H6O+Ag+18 Da]
+
 and [TATP+Ag+18 Da]
+
 
respectively. The cause of this 18 Da mass is discussed in Section 3.4.4. 
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Figure 3.5- MS/MS spectrum of [TATP+Ag]
+
. 
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Figure 3.6- Depiction of [TATP+Ag]
+
 fragmentation by ESI-MS/MS mass spectrometry. 
 
 
m/z
140 160 180 200 220 240 260 280 300 320 340 360
%
0
100
329.0146
164.9476
222.9535
182.9262
298.9675
256.9590
331.0185
347.0287
239.9540
[TATP+Ag]
+ 
[TATP+Ag
-C2H6]
+ 
[C3H6O+Ag]
+ 
[C5H9O4+Ag]
+ 
[C5H8O3+Ag]
+ 
[C5H10O5+Ag]
+ 
96 
 
3.4.3 Formation of [2TATP+Ag]+ 
 
Present in the mass spectrum is the [2TATP+Ag]
+ 
dimer ion at m/z 551.1281 (4.17 ppm) 
(Figure 3.7), this ion was seen to fragment directly to [TATP+Ag]
+
 with no intermediate ions 
observed, similar to that of [2TATP+Na]
+ 
reported by Cooks.
6
 
 
 
Figure 3.7- MS/MS spectrum of [2TATP+Ag]
+
 sandwich complex with                                  
12 V Collision energy applied. 
 
Given the s orbital characteristics of copper, silver and gold, it would have been reasonable to 
assume observation of adducts with all three metals would occur. Theoretical formation of a 
molecular adduct,  [TATP+Cu]
+
,  is shown to occur with retention of an intact TATP ring.
22
  
Both copper (i) and copper (ii) compounds were infused with a solution of TATP with no 
adducts observed. Copper (ii) has previously been shown to be reduced in the ESI source to 
copper (i) under high voltages, which allowed observation of Cu
+
, [Cu(CH3OH)]
+
, and 
[Cu(CH3CN)]
+
 when acetonitrile was used as the solvent.
49–52
 However, experimentation with 
a range of sampling conditions failed to result in the observation of any TATP + copper 
adduct, resulting only in the previously mentioned ions and other copper clusters. 
The gold(i) chloro(tetrahydrothiophene) complex contains the labile tetrahydrothiophene 
ligand.
51,52
 Infusion of this complex with TATP failed to generate any observable gold 
adducts with TATP, instead forming [LAu+CH3CN]
+
, [L2Au]
+
, and [(LAu)2Cl]
+
 where L is 
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the tetrahydrothiophene ligand, consistent with previously reported MS data of gold 
complexes.
55
 
This is the first example of silver binding to triacetone triperoxide and represents a new 
potential ion adduct for the detection of TATP, with a characteristic isotope pattern aiding 
identification. The competitive binding of silver and sodium to TATP has been observed, 
Figure 3.4, suggesting that [TATP+Ag]
+
 forms a weaker adduct than [TATP+Na]
+
 making 
silver a poor choice for quantitative analysis of TATP. 
 
3.4.4 Formation of [2TATP+Li+LiX]+ and other lithium complexes 
 
The ions corresponding to complexes of the type [2TATP+Li+LiX]
+
 (X= Cl, Br) were 
observed in the presence of lithium chloride and bromide. Identification of these complexes 
was confirmed by accurate mass measurement, [2TATP+Li+LiCl]
+
, m/z 493.2216 (0 ppm), 
and [2TATP+Li+LiBr]
+
, m/z 537.1703 (1.5 ppm), and predicted isotopic patterns as shown in 
Figure 3.8. Complexes of this type with alkali metal salts has not been observed for TATP, 
although some crystallographic examples of similar alkali metal/crown ether complexes have 
been reported.
56
 The fragmentation of these ions shows a similar pathway to that described 
for [TATP+Li]
+
, with fragmentation of one TATP ring initially with loss of C2H6 to form 
[2TATP+Li+LiCl-C2H6]
+
 m/z 463 (3.24 ppm) and finally loss of acetone to form 
[TATP+Li+LiCl]
+
, m/z 271 (2.9 ppm). The [2TATP+Li]
+
 ion is not observed as the LiCl 
moiety is lost forming the monomer [TATP+Li]
+
. 
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Figure 3.8- (a) ESI mass spectra of [2TATP+Li+LiCl]
+
, (b) [2TATP+Li+LiBr]
+
 and 
modelled isotopic patterns of each (c and d respectively). 
 
Other lithium based TATP adducts observed include, [TATP+Li+18da]
+
. The cause of this 
ion was investigated through a series of solution spikes of either D2O, or ammonia solution. 
If water were the cause an additional peak 2Da higher would be observed. if this peak was 
caused by ammonia an increase in relative counts of this peak would be seen. Whilst using 
oven dried Lithium chloride and polyethylene sample tubes to prepare [TATP+Li]
+
 solutions 
to minimise potential water contamination, no change in peak intensity was observed with 
either spike. Further investigations need to be conducted to identify the cause of this peak. 
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Figure 3.9- Mass spectra of [TATP+Li]
+
 and other associated ions. 
 
3.4.5 Ion mobility of TATP complexes with silver and alkali metal ions 
 
The selected ion mobility profile of [TATP+Ag]
+
 is shown in Figure 3.10. The mobility 
profile of [TATP+Ag]
+
 presents a longer drift time to those of the alkali metal complexes 
shown in Figure 3.11. The crystal ionic radii of silver lays between that of sodium and 
potassium.
46
 Due to hard soft acid base theory, in which the alkali metals are hard acids 
bonding to the hard base oxygen, silver is a soft acid. This would suggest that the silver ion 
forms a weaker bond to TATP leading to a larger adduct. The ion mobility profiles of 
[TATP+H]
+
, [TATP+NH4]
+
 and [TATP+Na]
+
 have been shown previously, with reduced ion 
mobilities of the proton and ammonium adduct reported.
17,47,48
 This is the first report of 
[TATP+M]
+
 bound to metal cations other than sodium. It can be seen that as the metal ion is 
altered, the drift mobility of the [TATP+M]
+
 complex increases, Figure 3.10 and 3.11. This is 
thought due to the s orbital overlap as discussed earlier, section 3.4.1. 
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Figure 3.10- Selected ion mobility profile of the [TATP+Ag]
+
 ion. 
 
Figure 3.11- Selection ion mobility profiles of [TATP+M]
+
. 
 
3.4.6 Ion mobility-mass spectrometry of TATP complexes with lithium 
 
Given the high abundance of the [TATP+Li]
+
 lithium metal complexes with TATP, and the 
presence of a previously unreported sandwich structure, the lithiated species were studied by 
ion mobility-mass spectrometry (IM-MS). The raw data was processed in excel to obtain a 
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bin number to two decimal places, as described in section 3.3.5. Although the precision of 
individual measurements was increased, due to the averaging of results to achieve inter and 
intra-day reproducibility the calculated CCS provided a result similar to that of the 
unprocessed data. The extracted ion mobility spectra for [TATP+Li-C2H6]
+
, [TATP+Li]
+
 and 
[2TATP+Li+LiCl]
+ 
are shown in Figure 3.12. 
The collision cross sections of the lithiated TATP complexes were determined using peptide 
calibrants with an interday reproducibility (%RSD) of 0.71 %  for [TATP+Li]
+
 (Table 3.1). 
The CCS increase in the order [TATP+Li-C2H6]
+
 < [TATP+Li]
+
 < [2TATP+Li+LiCl]
+
 as 
expected, with the CCS of the dilithiated complex being less than twice that of [TATP+Li]
+
.  
 
Figure 3.12. Extracted ion mobility-mass spectrometry data for lithiated TATP complexes (a) 
[TATP+Li]
+
, (b) [TATP+Li-C2H6]
+
 and (c) [2TATP+Li+LiCl]
+
. 
Table 3.1- Experimental CCS measurements for lithiated TATP complex ions. 
 
Compound TWIMS Peptide (Å
2
) 
[TATP+Li]
+
 87 
[TATP+Li-C2H6]
+
 73 
[2TATP+Li+LiCl]
+
 151 
 
[TATP+Li-
C
2
H
6
]
+
 
Scan number (bin no.) 
 
[TATP+Li]
+
 [2TATP+Li+LiCl]
+
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3.4.7 HPLC-IM-MS 
 
The observed ion mobility profile for all [TATP+M]
+
 complexes was noted to be broad and 
symmetrical. To determine if the alkali metal stabilised TATP was locked into one 
conformation, or if multiple conformations were present, HPLC-IM-MS was used to analyse 
the known D3 and C2 conformations of TATP. A partial separation by HPLC was achieved, 
following literature examples, using an isocratic flow of methanol:water 60:40, Figure 3.13.
9
 
However, multiple conformations could not be resolved via ion mobility with both 
conformers appearing at the same bin number, insert Figure 3.13. 
 
 
Figure 3.13- HPLC-IM-MS analysis of TATP with selected ion mobility profiles of 
[TATP+M]
+ 
(insert). 
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3.4.8 Modelled data 
 
X-ray crystallographic data was used to estimate the CCS of an unbound TATP molecule. 
Comparison of X-ray data for TATP to experimental and modelled CCS shows that addition 
of the lithium ion to TATP increases the CCS. Currently no crystallographic data for a metal 
bound TATP complex exists to compare with the experimental CCS data. 
 
Table 3.2- Modelled CCS values of X-ray crystallographic data. 
Paper PA EHSS TM 
F.Dubnikova 2005
57
 83 88 81 
L.Jensen 2009
58
 83 89 81 
O.Reany 2009
59
 82 87 80 
P.Groth 1969
60
 82 88 80 
 
In solution TATP adopts two distinct conformers; a major D3 (~95 % population) and a 
minor C2 (~5 % population) form with a 7.74 kJ mol
-1
 energy difference, that are separated 
by a barrier of 111.29 kJ mol
-1 
thus allowing slow inter-conversion between the two forms on 
a time-scale of several minutes (note that the cyclohexane chair-twistchair-chair 
interconversion occurs rapidly at room temperature over a barrier of 45.19 kJ mol
-1
).
61
 Thus it 
was of interest to explore the binding geometries of the metal ions to each TATP conformer, 
particularly as the C2 form offered oxygen lone-pair orbitals as a bidentate and a tetra-dentate 
option. The D3 and C2 symmetry is changed once TATP is bound to a single metal ion to 
become C3 and C1 respectively; however, they shall continue to be referred to here as D3 and 
C2. 
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Figure 3.14- Birds eye and side view of the relaxed [TATP+Li]
+
 D3 structure. 
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Figure 3.15- Birds eye and side view of the relaxed [TATP+Li]
+
 C2 bidentate structure. 
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Figure 3.16- Birds eye and side view of the relaxed [TATP+Li]
+
 C2 tetradentate structure. 
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To explore the effect of multiple binding conformations upon the observed CCS of 
[TATP+Li]
+
 complexes, ab initio calculations were made using Gaussian-03 program 
employing the B3LYP method using the 6-31G* basis. These relaxed structures presented 
one arrangement of the lithium ion in the D3 conformation, and two in the C2 conformation 
with the calculated CCS being within experimentally measurable error (Figure 3.14, 3.15, 
3.16, Table 3.4).
9,41,42
 These structures compare well to experimentally measured data (Table 
3.3) and support the observation that the TWIMS drift cell used in this study is not able to 
separate D3 and C2 conformers on the basis of their ion mobility. 
 
Table 3.3- Calculated CCS measurements for [TATP+Li]
+
 modelled structures. 
 
 
Table 3.4- Calculated bond length and angles for the modelled structures of lithiated TATP. 
 Structure, bond length / Angle 
Bond type D3 C2 bidentate C2 tetradentate [2TATP+Li+LiCl]
+ 
O-Li Å 1.951 1.868 & 1.895 1.875 to 2.547 2.029, 2.032, 2.014 
O-Li-O 
O
 88.6 46.4 92.8 84.3 
Li-Cl Å
 
   2.224 & 2.223 
Li-Cl-Li 
O 
   177.5 
 
 
 
Structure Calculated CCS (Å
2
) 
 PA EHSS TM 
Structure 1 (D3) 87 93 85 
Structure 2 (C2) 86 91 83 
Structure 3 (C2) 88 93 85 
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The Li-O bond length compares well to that calculated previously for a TATP+Li adduct, and 
as expected are shorter than that seen for Na-O in [TATP+Na]
+
 of 2.31 angstroms.
14,22
  
Experimental CCS data for the [2TATP+Li+LiCl]
+
 ion were compared with modelled data 
based on a structure with Li-Cl-Li linking the two TATP rings (Figure 3.17). A good 
correlation between experimental and modelled conformation was observed using the PA 
(152 Å
2
), and TM (157 Å
2
), with the EHSS method overestimating the CCS (170 Å
2
). 
Overestimation of the CCS from modelled data has been reported previously for metal 
complexes.
29
 Modelling of the structure with a linear Li-Cl-Li moiety presented a similar 
CCS to that of a freely relaxed structure in which the Li-Cl-Li adopts a 177.5
°
 bond angle. 
The TATP molecules are perpendicular to the Li-Cl bond and the geometry designed to allow 
free rotation about the Li-Cl-Li centre (and produced a very low rotational barrier of 1.4 kJ 
mol
-1
). Li-Cl bonds are 2.223 Å and 2.224 Å, with Li-O bond lengths ranging between 2.014 
Å and 2.032 Å. These compare well to previously modelled bond lengths and angles for 
analogous complexes.
63
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Figure 3.17- Modelled structure of [2TATP+Li+LiCl]
+
 adduct. 
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3.5 Conclusions 
 
Complexes of TATP with alkali metal ions (Li
+
, Na
+
, K
+
, Rb
+
, Cs
+
) have been studied by 
ESI-MS, with the rubidium and caesium TATP complexes reported for the first time. The 
formation of [TATP+Ag]
+
 is also reported for the first time. Selected lithiated TATP 
complexes have also been analysed by IM-MS and collision cross sections determined. 
TWIMS measurements were carried out in nitrogen using peptide calibrants with reported 
collision cross sections in helium. Experimental collision cross sections were compared to 
modelled cross sections using MOBCAL from molecular geometries derived in-silico, which 
showed good agreement with experimental TWIMS measurements. 
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Chapter Four 
 
Development of a microchamber thermal 
desorption extractive electrospray technique 
for the desorption of TATP from a range of 
imidazolium and phosphonium ionic liquids
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4.1 Introduction 
 
With the increased use of homemade explosives during events such as the 2005 London 
bombings, a need to research and fully characterise both the explosive and potential detection 
techniques has arisen.
1,
 
2
 The simple formation and easily obtainable starting materials make 
TATP a notoriously dangerous explosive of choice for would-be bombers. TATP can be 
prepared in small quantities for lab based experiments with the appropriate understanding of 
safety precautions, however the facilities to make and store explosive compounds for the long 
term are often lacking or undesirable to many research groups. To facilitate explosive 
compound research small samples can be purchased. TATP can be purchased at 0.1 mg mL
-1
 
in a solution of acetonitrile, however this can require some sample preparation depending on 
its intended use.
3
  
Explosives commonly have a low vapour pressure, requiring them to be thermally desorbed 
from a range of materials, or may have a taggant such as 2,3-dinitrobutane (DMNB) added to 
aid vapour based detection.
4–8
 Issues arise however with the use of taggants in that, a 
homemade explosive wont adhere to regulations requiring the addition of taggants, therefore 
it is important to develop techniques sensitive enough to detect the explosive compounds 
directly. One such method is termed ‘stand-off’ detection and utilises a range of techniques 
such as terahertz, UV, IR, laser and ion mobility spectrometry.
9–14
 Of interest here are vapour 
based methods and the use of thermal desorption to generate TATP vapour from samples. 
Ionic liquids are molten salts that are liquid below 100 °C, this definition can be further 
extend to room temperature ionic liquids (RTIL) which are liquid at room temperature.
15, 16
 
Ionic liquids have recently been advanced in the literature due to their potential use as ‘green 
solvents’, replacing conventional volatile organic compounds used.17–19 Though not all ionic 
liquids fit the description of being a green solvent.
20, 21
 The ability to determine the cation and 
anion and so tailor the behaviour of the ionic liquids offers the potential for designer solvents 
to be targeted specifically at the chemistry being undertaken.
22,
 
23
 A vast range of examples 
are available in the literature, including the desulfurization of liquid fuel, shape regulation, 
CO2 capture, solvent extractions, catalytic chemistry, chemistry regulation.
16,
 
19,
 
24–30
 By 
varying the chemistry of ionic liquids a variety of solubility effects can be altered.
31
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Ionic liquids can also applied to explosives detection with examples of electrochemical 
detection of trinitrotoluene (TNT),
32,
 
33
 detection of nitroaromatic explosives using 
fluorescent polymeric ionic liquids
34
 and use of 1-methyl-3-butylimadazolium 
tetrafluoroborate as a mobile phase additive.
35
 Increasing use of ionic liquids has enabled 
improved yields and increased purity of a range of explosive compounds.
36–40
 A new field of 
ionic liquid is even beginning to emerge, with the development of energetic ionic liquids 
(EILs), nitrogen rich salts with high densities and low vapour pressures, ‘tunable’ to their 
desired industrial or military purpose. 
TATP has an impact and friction sensitivity of 0.5 J and 0.2 N respectively, upon addition of 
an ionic liquid this can be sufficiently inhibited to prevent detonation by either friction of 
impact.
41–43
 Potential use of ionic liquids as a medium to safely clean explosive residue, 
dissolution of an explosive to form an odour sample, and stable degradation of TATP has 
previously been proposed.
42,
 
44,
 
45
 
In this present work ionic liquids have been used as the solvent media for the dissolution and 
subsequent desorption of TATP, to explore how a variety of ionic liquids may affect the 
desorption profile of TATP when used as a vapour source. These results are expanded to 
discuss the possible use of ionic liquids as concealment media for the illicit transport of 
explosive materials. 
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4.2 Aims and objectives 
 
 The construction of a thermal desorption-extractive electrospray ionisation 
source for the analysis of desorbed TATP. 
 
  To dissolve TATP in a range of ionic liquids and determine the retention 
capabilities of ionic liquids towards TATP by thermal desorption. 
 
 To propose ‘optimum’ ionic liquid characteristics for TATP storage. 
 
  
121 
 
4.3 Experimental 
4.3.1 Chemicals  
 
1-Butyl-3-methylimidazolium hexafluorophosphate (≥97 %), 1-ethyl-3-methylimidazolium 
ethyl sulfate (≥95 %), 1-ethyl-3-methylimidazolium dicyanamide (≥98 %) were produced by 
BASF. CYPHOS IL 105 trihexyl(tetradecyl)phosphonium dicyanamide (≥95 %), CYPHOS 
IL 106 triisobutyl(methyl)phosphonium tosylate (≥95 %), and CYPHOS IL 108 
tributyl(methyl)phosphonium methylsulfate (≥95 %) were provided by Cytec Industries, Inc. 
Analytical-grade methanol was purchased from Fisher Scientific. Lithium chloride was 
purchased from Sigma Aldrich. Solvent grade acetone purchased from Hammond chemicals 
Ltd, sulphuric acid (95 %) and methanol purchased from VWR chemicals; and hydrogen 
peroxide purchased from Alfa Aesar were used in the synthesis of TATP. 
Bromobutane, N-methylimidazole (99 %) purchased from Alfa Aesar and sodium 
dicyanamide (96 %) purchased from Sigma Aldrich were used in the synthesis of 1-butyl-3-
methylimidazolium dicyanamide [BMIM][DCA]. 
 
4.3.2 Synthesis of TATP 
 
The synthesis of TATP is described previously, Chapter 2, Section 2.3.2. 
 
4.3.3 Synthesis of 1-butyl-3-methylimidazolium chloride [BMIM][Cl]  
 
[BMIM][Cl] was synthesised following a literature procedure.
46
 To a round bottom flask 
equipped with reflux condenser and magnetic stirrer bar, bromobutane (17.98 g, 0.13 mol) 
was added to a solution of N-methylimidazole (9.898 g, 0.12 mol) in 100 ml acetonitrile. The 
mixture was refluxed for 72 hours and reduced using a high vac line to yield a brown liquid 
(17.4g, 83 %). 
1
H NMR (400 MHz, CDCl3) δ 10.38 (s, CH), δ 7.54 (s, CH), δ 7.43 (s, CH), δ 
4.31 (t, 
3
JH-H = 7.2 Hz, CH2), δ 4.081 (s, CH3), δ 1.861 (m, CH2), δ 1.348 (m, CH2), δ 0.914 
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(t, 
3
JH-H = 7.6 Hz, CH3). 
13
C NMR (100 MHz, CDCl3) δ 137.57 (CH), δ 124.13 (CH), δ 
122.79 (CH), δ 49.02 (CH2), δ 36.29 (CH3), δ 31.89 (CH2), δ 19.23 (CH2), δ 13.81 (CH3). 
 
4.3.4 Synthesis of 1-butyl-3-methylimidazolium dicyanamide [BMIM][DCA] 
 
[BMIM][DCA] was synthesised following literature procedure.
47
 To a solution of 
[BMIM][Cl] (8.71 g, 0.05 mol) in acetone (20 mL), NaN(CN)2 (4.456 g, 0.05 mol) was 
added; the mixture was stirred for 48 hours and the solid NaBr removed by filtration. The 
filtrate was concentrated by rotary evaporation to yield the product of a brown yellow colour 
8.3 g, 81 %) 
1H NMR (DMSO) δ 9.11 (s, CH), δ 7.73 (s, CH), δ 7.67 (s, CH), δ 4.12 (t, 3JH-H 
= 7.2 Hz, CH2), δ 3.81 (s, CH3), δ 1.72 (m, CH2), δ 1.22 (m, CH2), δ 0.85 (t, 
3
JH-H = 7.6, 
CH3). 
13C NMR (DMSO) δ 137.02 (CH), δ 124.13 (CH), δ 122.79 (CH), δ 119.59 (CN), δ 
49.02 (CH2), δ 36.29 (CH3), δ 31.89 (CH2), δ 19.23 (CH2), δ 13.81(CH3). 
 
4.3.5 Characterisation of known ionic liquids 
 
4.3.5.1 1-Butyl-3-methylimidazolium hexafluorophosphate [BMIM][PF6] 
 
1H NMR (400 MHz, DMSO) δ 9.04 (s, CH), δ 7.69 (s, CH), δ 7.63 (s, CH), δ 4.17 (t, 3JH-H = 
7.2 Hz, CH2), δ 3.86 (s, CH3), δ 1.77 (m, 
3
JH-H = 7.6 Hz, CH2), δ 1.29 (m, 
3
JH-H = 7.6 Hz, 
CH2), δ 0.91 (t, 
3
JH-H = 7.6 Hz, CH3). 
13C NMR (100 MHz, DMSO) δ 137.02 (CH), δ 124.15 
(CH), δ 122.79 (CH), δ 49.22 (CH2), δ 36.20 (CH3), δ 31.96 (CH2), δ 19.16 (CH2), δ 13.51 
(CH3). 
 
4.3.5.2 1-Ethyl-3-methylimidazolium ethyl sulfate [EMIM][EtSO4] 
 
1
H NMR (400 MHz, DMSO) δ 9.14 (s, CH), δ 7.81 (s, CH), δ 7.72 (s, CH), δ 4.21 (q, 3JH-H = 
7.2 Hz, CH2), δ 3.86 (s, CH3), δ 3.77 (q, 
3
JH-H = 7.2 Hz, CH2), δ 1.42 (t, 
3
JH-H = 7.2 Hz, CH3), 
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δ 1.12 (t, 3JH-H = 7.2 Hz, CH3). 
13C NMR (100 MHz, DMSO) δ 136.77 (CH), δ 124.02 (CH), 
δ 122.69 (CH), δ 61.97 (CH2), δ 44.57 (CH2), δ 36.11 (CH3), δ 15.58 (CH3). 
 
4.3.5.3  1-Ethyl-3-methylimidazolium dicyanamide [EMIM][DCA] 
 
1
H NMR (400 MHz, DMSO) δ 9.11 (s, CH), δ 7.77 (s, CH), δ 7.69 (s, CH), δ 4.21 (q, 3JH-H = 
7.2, CH2), δ 3.85 (s, CH3), δ 1.43 (t, 
3
JH-H = 7.2, CH3). 
13C NMR (100 MHz, DMSO) δ 136.67 
(CH), δ 124.00 (CH), δ 122.66 (CH), δ 119.54 (CN), δ 44.63 (CH2), δ 36.16 (CH3), δ 15.69 
(CH3). 
 
4.3.5.4 Trihexyltetradecylphosphonium dicyanamide [THDP][DCA] 
 
1H NMR (400 MHz, DMSO) δ 2.18 (m, CH2, 8H), δ 1.47 (m, CH2, 6H), δ 1.39 (m, CH2, 8H), 
δ 1.30 (m, CH2, 14H), δ 1.25 (s, CH2, 18H), δ 0.887 (m, CH3, 12H).
 13
C NMR (100 MHz, 
DMSO) δ 120.57 (CN), δ 31.81 (CH2), δ 30.89 (CH2), δ 30.53 (CH2), δ 30.31 (CH2), δ 29.58 
(CH2), δ 29.56, δ 29.54, δ 29.53 (CH2), δ 29.47 (CH2), δ 28.59 (CH2), δ 22.60 (CH2), δ 22.31 
(CH2), δ 21.03 (CH2), δ 20.99 (CH2), δ 20.93 (CH2), δ 18.19 (CH2), δ 18.09 (CH2), δ 14.39 
(CH3), δ 14.31 (CH3). 
31P (161 MHz, DMSO) δ 33.84 (s). 
 
4.3.5.5 Triisobutyl(methyl)phosphonium tosylate [TriiBP][Tos] 
 
1H NMR (400 MHz, DMSO) δ 7.51 (s, CH), δ 7.49 (s, CH), δ 7.14 (s, CH), δ 7.12 (s, CH), δ 
2.30 (s, CH3), 2.21 (dd, 
2
JH-P 13.6 Hz, 
3
JH-H 6.4 Hz, CH2), δ 2.03 (m, CH), δ 1.94 (d, 
2
JH-P 13.6 
Hz, CH3), δ 1.03 (d, 
3
JH-H 6.4 Hz, CH3). 
13C NMR (100 MHz, DMSO) δ 146.18 (C), δ 138.12 
(C), δ 128.53 (CH), δ 126.20 (CH), δ 29.84 (CH2), δ 24.76 (CH3), δ 23.23 (CH3), δ 21.26 
(CH3), δ 6.89 (CH3). 
31P NMR (161 MHz, DMSO) δ 29.36 (s). 
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4.3.5.6 Tributyl(methyl)phosphonium methylsulfate [TriBP][MSO4]
48
 
 
1H NMR (400 MHz, DMSO) δ 3.38 (s, CH3), δ 2.17 (m, CH2), δ 1.81 (d, 
2
JH-P = 14 Hz, CH3), 
δ 1.42 (m, CH2), δ 0.92 (t, 
3
JH-H 7.2 Hz, CH3). 
13C NMR (100 MHz, DMSO) δ 53.27 (CH3), δ 
23.87 (CH2), δ 23.07 (CH2), δ 19.58 (CH2), δ 13.76 (CH3), δ 3.81 (CH3), 
31
P NMR (161 
MHz, DMSO) δ 32.42 (s). 
 
4.3.6 Direct infusion of TATP 
 
The ionic liquid was dissolved in methanol to a concentration of 10 ng ml
-1
, with TATP 
additionally dissolved to a final concentration of 4000 ng ml
-1
. This sample was then directly 
infused into the mass spectrometer. 
 
4.3.7 Thermal desorption studies 
 
To a 2 mL screw cap sample vial containing 1 mg of TATP was dissolved to 0.5 mg ml
-1
 
using 2 mL of ionic liquid. The vial was tightly closed and heated gently over 24 hrs to 
encourage TATP dissolution. Ionic liquids that were highly viscous at room temperature were 
heated gently before addition to TATP to improve handling. Once TATP was dissolved the 
samples were pipetted into separate 2 mL sample vials with a 300 µL vial insert. These were 
stored tightly sealed, wrapped individually with parafilm in a refrigerator until sampling. 
Samples were allowed to reach room temperature and further visual observation of TATP 
solubility made before analysis. 
 
4.3.8 Instrumentation 
 
All analyses were carried out using a Waters Synapt HDMS spectrometer (Waters, 
Manchester, UK). A schematic diagram of the ion source region of the Waters Synapt HDMS 
spectrometer, modified in-house for the extractive electrospray analysis of TATP is shown in 
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Section 4.4.3. A 114 mL thermal desorption microchamber (µCTE-250 microchamber 
thermal extractor, Markes International, Llantrisant, UK) was used to generate TATP vapour. 
The metal microchamber surface was preheated to between 50 - 120 °C to generate TATP 
vapour, which flowed along a heated (140 °C) stainless steel tube (2.5 mm i.d. x 800 mm) in 
a flow of air (50 ml min
-1
). The transfer line was terminated 5 mm from a lithium chloride 
doped electrospray plume (0.1 mg mL
-1
 in MeOH; 0.300 mL min
-1
) as shown in Figure 4.2. 
The ESI plume was sustained for extended periods of time using a Waters Aquity UPLC. The 
ESI source was operated in positive ion mode at a capillary voltage varying from 2 to 2.5 kV. 
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4.4 Results 
4.4.1 ESI of TATP from ionic liquids 
 
The analysis of ionic liquids by ESI was conducted by infusing [BMIM][PF6] in methanol 
with TATP. The mass spectra of the blank [BMIM][PF6] versus the addition of TATP is 
shown in Figure 4.1. The charged ion of [BMIM]
+
 can clearly be observed [A]
+
, m/z 
139.1240 (3.59 ppm). The ion corresponding to [A2B]
+
 m/z 423.2108 (0.95 ppm), (B = [PF6]) 
and the CID fragment ion of [BMIM]
+
 by loss of the alkyl chain [N2C4H6+H]
+ 
m/z 83.0613 
(4.82 ppm) is also observed. Complexation of TATP, or fragments of, were not observed with 
the ionic liquid. Formation of [TATP+Na]
+
 and daughter fragments can be observed. Ionic 
liquids can form charged ions by ESI, however, the nitrogen in the imidazolium are present 
as a quaternary group, with no directly bound hydrogen atom. The lack of a directly bound 
proton to the nitrogen has been found to hinder TATP complexation to ammonium cations. 
 
 
Figure 4.1- Mass spectra of ESI infused (a) [BMIM][PF6] and (b) [BMIM][PF6] with TATP. 
  
m/z 
60 80 100 120 140 160 180 200 220 240 260 
% 
0 
100 81.0312 245.0989 215.0525 
83.0613 
157.0430 
141.0152 
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157.5283 
215.5767 
247.1159 
247.6799 
[ TATP+Na ] + 
[C 3 H 6 O+Na] + 
[C 4 H 6 O 4 +Na] + 
[TATP - C 2 H 6 +Na] + 
[A] + 
[N 2 C 4 H 6 +H]
+
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% 
0 
100 
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83.0613 
139.5363 
423.2108 
140.1365 
[A] + 
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+
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4.4.2 Ionic liquids used to dissolve TATP 
 
A range of ionic liquids were chosen to explore the behaviour of TATP as vapour from ionic 
liquids. A range of ionic liquids were selected based on factors such as; 
 Cation 
 Cation chain length 
 Anion 
 Anion and cation charge (-1/+1) 
 Melting point 
The structures of the ionic liquids are depicted in Figure 4.10 and 4.12. These changes alter 
physical properties of the ionic liquids such as viscosity and melting point temperature which 
resulted in changes to the rate of desorption of TATP, as will be shown. The ionic liquids 
tested can be categorized into two groups by their cation type, imidazolium based, and 
phosphonium based, Table 4.1. All the ionic liquids tested were liquid at room temperature 
and contained a +1 cation bound to a -1 anion. 
Table 4.1- Table showing the different physical properties of the ionic liquids. 
Ionic liquid Type M.p. / °C Viscosity / mPa.s Density / g mL
-1
 
[BMIM][PF6]  
 
Imidazolium 
11
49
 (10
50,46
) 450
50
 (25) 
204 (30)
50
 
1.36
50, 51 
(25) 
1.3
50
 (90) 
[EMIM][EtSO4] -20
52 
122
53
 (25)  
14
53
 (80) 
1.24
53 
(25) 
 1.20
53 
(80) 
[EMIM][DCA] -21
54
 21
54
 (25)
  
1.06
54 
[BMIM][DCA] -6
49 
27
55 
 1.03
49 
(83) 
[THDP][DCA]  
 
Phosphonium 
-54
56 
438
57 
(25)  
28
57
 (90)  
0.90
56
(20)  
0.885
57
, 
58 
(48) 
 0.862
57
 (90) 
[TriBP][MSO4] n/a 750
59
 (25) 
508
60 
(25)  
50
60 
(70)
 
1.06
60 
(25) 
1.03
60 
(70)
 
[TriiBP][Tos] n/a 4070
59
 (25) 1.07
57 
Note: temperatures of measurement, in degrees Celsius, are displayed in brackets where 
possible. (refer to Section 4.3 for full names of the ionic liquids. 
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4.4.3 Designing a modified extractive electrospray ionisation source 
 
An in house modified thermal microchamber was constructed to allow the thermal desorption 
of TATP from ionic liquids. The microchamber allows for rapid formation of TATP vapour 
which then passes along a heated transfer line (140 °C) to the source block where it then 
interacts with a doped electrospray plume. This EESI system allows the formation of [TATP 
+Cat]
+
 complexes which stabilise TATP to in source CID. The schematic of the EESI source 
is shown in Figure 4.2. 
 
 
Figure 4.2- Schematic diagram of the EESI source. 
 
It was found that positioning of the heated transfer line outlet relative to the cones played a 
large role in ion formation of TATP complexes. Figure 4.3 shows three positions of the 
transfer line relative to the ESI plume and cones in the vertical plane. The transfer line was 
terminated 5 mm from the ESI plume. When the transfer line was placed close to the cones 
the [TATP+Na]
+
 intensity was low, this intensity increased as the transfer line was raised 
toward the ESI plume until the air flow began to destabilise the ESI spray. Reasons for this 
increase in intensity close to the ESI plume are thought that this allows the neutral TATP 
vapour longer to desorb into the ESI droplets and form [TATP+Na]
+
. 
 
TATP vapour from 
thermal desorber
Electrospray
LiCl in methanol
To Mass 
Spectrometer
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Figure 4.3- Schematic diagram of heated transfer line relative to ESI plume and mass spectra 
of [TATP+Na]
+
 ion response. 
 
To help improve the repeatability of experiments, an MDF board was cut to fit the source 
block. This reduced the issues caused by air circulation of an open source affecting the ESI 
plume and allowed a stainless steel tube to be fixed in position with a connection ring for the 
heated transfer line to be connected. This allowed the microchamber and heated transfer line 
to be removed, cleaned and samples to be changed without altering the position of the 
stainless steel tube arm relative to the cones and ESI spray.  
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Figure 4.4- Image showing the MDF board with stainless steel tube fixed in place and heated 
arm attached. The front panel to the source block is closed during measurements. 
 
4.4.4 Temperature and air flow stability of the thermal desorption-extractive electrospray 
ionisation (TD-EESI) source 
 
During operation three variables of the instrument caused significant variability to the 
obtained data; heating of the microchamber sample pot, heating of the transfer line, and the 
air flow through the system. 
The temperature of the microchamber was controlled by an in built thermocouple which 
could operate in the range of ambient to 250 °C.
61
 During preliminary studies at temperatures 
above ambient, it was found that at less than 50 °C, the microchamber was not thermally 
stable and resulted in the variable volatilisation of TATP. At 50 °C and above these effects 
were less pronounced and results become more consistent at higher temperatures. 
The systematic fluctuations in signal intensity were also observed to coincide with heating of 
the transfer line. To mitigate these temperature changes the transfer line was heavily insulated 
using numerous layers of cotton wool and aluminium foil, fixed in place with heavy duty duct 
tape. This resulted in a stabilisation of the temperature in the heated transfer line and allowed 
a more stable chromatogram to be produced. 
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Finally, to stabilise the air flow through the microchamber a two way regulator was attached 
to the air inlet. A schematic of the TD-EESI set up is shown in Figure 4.5 with images of the 
the microchamber pots where samples were places and sealed, the heated transfer line and the 
source. 
 
 
Figure 4.5- Schematic and images of modified microchamber thermal extractor EESI set up. 
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4.4.5 Initial testing of thermal desorption for use as a vapour source 
 
To test the understanding that ionic liquids have a low volatility and that they would not be 
observed by thermal desorption, a series of blanks were taken with a range of ionic liquids. A 
standard mass spectrum of an ionic liquid blank (containing no TATP) is shown in Figure 
4.6. The peaks observed are attributed to background ions from the EESI set up, and not from 
the ionic liquids being heated in the microchamber. This background was consistent for all 
ionic liquids in the temperature range ambient to 120 °C. 
TATP dissolved in [BMIM][PF6] was analysed at a range of temperatures. During the initial 
few minutes there was a rapid increase in the counts of [TATP+Li]
+
, followed by a sharp 
decline. This rapid increase is attributed to the heating of the sample, thermally desorbing any 
undissolved TATP. Whilst all samples of TATP visually appeared dissolved in the ionic 
liquids to the naked eye, further investigation is required to determine the solubility of TATP 
in these ionic liquids and determine the total concentration of TATP present in solution. The 
thermal desorption profile of [TATP+Li]
+
 at all temperatures settled into a steady state of 
decline from the ionic liquid, Figure 4.6, with enough data points this should appear as an 
exponential decay. The time taken to reach the steady state of decline observed was a 
function of temperature, the higher the temperature the more rapidly the counts of TATP 
settled into a steady decline. The desorption profile observed here is not as sharply defined as 
might be observed by thermal desorption-gas chromatography of explosives, where the peak 
profiles rise and return to baseline over a few minutes or less.
62–64
 The slow desorption rates 
are cause by the ionic liquid matrix and the changes to this ionic liquid matrix and how they 
affect TATP desorption is investigated. 
 
 
 
 
 
133 
 
 
 
Figure 4.6- (a) Standard background mass spectra of EESI desorption and (b) standard 
thermal desorption profile of [TATP+Li]
+
 from ionic liquids. 
 
Figure 4.7- TATP release from [BMIM][PF6] at a range of temperatures. 
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The rate of TATP release is seen to increase with rising microchamber temperatures, up to a 
maxima of 90 °C, above this temperature the counts of [TATP+Li]
+
 decreases, as such a 
thermal desorption temperature of 90 °C was chosen for optimum [TATP+Li]
+ 
intensity. the 
rreduction in observed counts above 90 °C is thought due to thermal degradation of TATP. 
The changes in TATP vapour were also accompanied by changes in acetone levels, Figure 
4.8, a starting material for TATP synthesis and frequently observed breakdown product. 
65–68
 
The observed ions associated with acetone are complexed to lithium forming [C3H6O+Li]
+
, 
m/z 61 and [2C3H6O+Li]
+
, m/z 123.1003 (4.87 ppm). The counts of these ions are seen to 
steadily increase with increasing thermal desorption temperature. The formation of 
[(C3H6O)2+Li]
+
 is observed by the thermal degradation of TATP and not in source CID. This 
was confirmed by the absence of the m/z 123 ion during MS/MS studies of [TATP+Li]
+
 but 
was observed when acetone was spiked into the ionic liquid at 90 °C, Figure 4.9. 
 
 
Figure 4.8- Change in acetone and dimer [(C3H6O)2+Li]
+
 relative to TATP over a range of 
temperatures from [BMIM][PF6]. 
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Figure 4.9- Mass spectra of ionic liquid blank (a) and ionic liquid spiked with 2.5 ul acetone 
(b). 
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4.4.6 Desorption of TATP from imidazolium based ionic liquids 
 
The imidazolium ionic liquids tested were chosen with a similar anion, comparative alkyl 
chain length, and anions comparable to those chosen in phosphonium based ionic liquids. 
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Figure 4.10- Imidazolium ionic liquids analysed. 
 
Comparing the rates of decline, Figure 4.11, TATP is thermally desorbed most efficiently 
from [BMIM][PF6]. The two ethylimidazolium ionic liquids have very similar TATP decline 
rates, as their ions are identical, their changes in TATP desorption can be attributed to the 
change in counter ion and altered physical properties with [EMIM][DCA] impeding TATP 
desorption to a greater extent than [EMIM][EtSO4]. These changes in TATP desorption rate 
are most significantly observed during initial temperature equilibration of the sample in the 
microchamber, with varying peak maxima observed in the selected ion chromatograms of 
[TATP+Li]
+
. [BMIM][PF6] shows the most significant peak intensity of [TATP+Li]
+
 in the 
first few minutes of desorption and continues to show roughly 3x stronger counts of TATP 
desorption than those of the other imidazolium ionic liquids throughout the anaylsis, Figure 
4.11. 
[BMIM][DCA] is shown to impede TATP release to the greatest extent, it presents a small 
initial spike in the first few minutes, and the counts of TATP remain low throughout the 
analysis. This is in stark contrast to [BMIM][PF6] and this significant change is attributed to 
the change in counterion. The use of a dicyanamide counterion in ionic liquids to impede 
TATP desorption compares well with both [EMIM][DCA] and [BMIM][DCA] showing low 
desorption counts of TATP. 
[BMIM][PF6] [BMIM][DCA] [EMIM][EtSO4] [EMIM][DCA] 
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Figure 4.11- Comparison of the rates of TATP desorption from imidazolium ionic liquids. 
The order of reaction for the release of TATP from these imidazolium ionic liquids is shown 
to be zero order once a steady state of decline is obtained. This is determined by the slope of 
the line from Figure 4.11. This rate appears linear based on these date points, though it would 
be expected to be exponential if longer time measurements were observed. [BMIM][PF6] has 
the largest rate of TATP decline of the imidazolium ionic liquids. This shows that over time 
the counts observed of TATP from this ionic liquid will decline at a faster rate. It was 
considered that this rate might correlate to the initial peak intensity of desorbed TATP, but 
[EMIM][EtSO4] has a slower decline rate but a similar TATP peak intensity in the first few 
minutes of desorption to [EMIM][DCA]. These desorption rates can potentially be relevant 
when trying to determine how long a vapour source might last for at a given temperature. 
Any predictions made from these values would need to be confirmed with extended analysis 
times of replicate sample, observing TATP decline until depletion. A discussion of the causes 
of these observations is provided in Section 4.4.8 
Table 4.2- Rate constants for desorption of TATP from the imidazolium ionic liquids. 
Ionic liquid Rate constant/ cpm 
[BMIM][PF6] 164 
[EMIM][EtSO4] 65 
[EMIM][DCA] 117 
[BMIM][DCA] 21 
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4.4.7 Desorption of TATP from phosphonium based ionic liquids 
 
Choosing of suitable phosphonium ionic liquids proved more difficult than those of the 
imidazoliums. Whilst still one of the more popularly researched cations, phosphonium based 
ionic liquids are significantly smaller in their selection of comparable cations, anions and 
chain length, with many proving to be solid at room temperature. The phosphonium ionic 
liquids chosen best fit the criteria of room temperature ionic liquids, with chemical 
characteristics comparable to the imidazolium ionic liquids with alkyl chain length and anion, 
Figure 4.12. 
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Figure 4.12- Phosphonium based ionic liquids analysed. 
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A comparison of the phosphonium ionic liquids once they have reached a steady state of 
TATP desorption is shown in Figure 4.13. The observed intensity of TATP desorption is 
greatest using the ionic liquid [THPD][DCA], and lowest using [TriBP][MSO4]. The low 
counts observed from [TriiBP][Tos] are due to the lack of retention by the ionic liquid of 
TATP, within the first few minutes of thermal desorption the TATP peak profile is 5x more 
intense as a result of significant quantities of TATP being desorbed. This lack of retention 
can still be observed once a steady state of decline is obtained by the increased rate of decline 
observed, Figure 4.13, Table 4.3. These rates appears linear based on these date points, 
though it would be expected to be exponential if longer time measurements were observed. 
[TriBP][MSO4], with a straight butyl chain, shows an increased retention of TATP over 
[TriiBP][Tos], with the counts of TATP also declining over time at a much slower rate, Table 
4.3. Both [TriBP][MSO4] and [THDP][DCA] contain straight alkyl chains, with the larger 
chain length of [THDP][DCA] presenting the highest rate of desorption. This would seem to 
contradict the frequent observation that longer alkyl lengths increase solubility in ionic 
liquids.
31
 The straight chains of [TriBP][MSO4] and [THDP][DCA] should allow for better 
solid state packing, which could lead to an increased retention of TATP, as observed by the 
slower decline in rates of desorption, Table 4.3. 
 
Figure 4.13- Comparison of the rates of TATP desorption from phosphonium ionic liquids. 
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Table 4.3- Rate constants for the desorption of TATP from phosphonium ionic liquids. 
Ionic liquid Rate constant/ cpm 
[THDP][DCA] 15 
[TriiBP][Tos] 50 
[TriBP][MSO4] 11 
 
 
4.4.8 Discussion of how ionic liquid properties alter TATP desorption 
 
Of the ionic liquids examined in this study, TATP is thermally desorbed at the highest rate 
from [BMIM][PF6], showing counts of [TATP+Li]
+
 roughly 3 times larger than the other 
ionic liquids, Figure 4.14. A general trend could be conceived that TATP is thermally 
desorbed at a higher rate from imidazolium ionic liquids, with 3 of the 4 tested presenting the 
largest peak intensity of TATP, and comparably the largest rate of decline of TATP counts 
over time. This rate of decline would suggest a faster rate of depletion of TATP from these 
ionic liquids at the observed temperature of 90 °C. [BMIM][DCA] sets itself apart from the 
other imidazolium ionic liquids, with the lowest TATP counts of all the ionic liquids and a 
comparably slow rate of decline in these counts, this suggests the potential for a long life 
span of TATP desorption as a vapour source. 
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Figure 4.14- Comparison of TATP desorption rates from all ionic liquids tested. 
 
Figure 4.15- Comparison of TATP desorption rates from all ionic liquids tested (enlarged). 
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Comparison of all ionic liquids with a dicyanamide counterion show a range of desorption 
rates of TATP. [EMIM][DCA] is clearly releasing TATP at a faster rate, with decreasing 
counts of [TATP+Li]
+
 rapidly over time compared to [BMIM][DCA] and [THDP][DCA]. 
The stability of TATP desorption from [BMIM][DCA] and [THDP][DCA] is steady and 
consistent over the stable 150 minutes shown, with counts declining at a rate of 21 and 15 
respectively. Whilst these two ionic liquids are distinctly different from one another, both 
posses alkyl chains longer than the ethyl-imidazolium cation, this may suggest that chain 
length can play a role in the rate of TATP desorption. If viscosity were key, [THDP][DCA] 
would be predicted to impede TATP desorption to the largest extent as it has a larger 
viscosity than [BMIM][DCA] at room temperature, Table 4.1, though this is not the case. 
[BMIM][DCA] has the highest melting point and impedes TATP desorption the most, 
however, [EMIM][DCA] has the next highest m.p of the three dicyanamide ionic liquids and 
TATP declines at the highest rate. No clear trend can be seen from the data in Table 4.1. 
Modelling of the charge densities, volume and solid state packing has not been performed, 
but in future work could help to describe the trends observed here. 
Within the two types of ionic liquid a trend can be observed based upon their physical 
properties. The imidazolium and phosphonium liquids are grouped and listed in Table 4.1 in 
order of their counts (highest to lowest for each cation). As the m.p., viscosities and density 
of the imidazolium ionic liquids increase, so too do the observed TATP counts. This trend is 
in direct contrast to that seen for phosphonium liquids, whereby as the viscosity and density 
increase, the counts of TATP decrease. This could suggest a chemical interaction between 
TATP and the ionic liquid is occurring, rather than the rate of desorption being related to 
physical properties alone. A gas phase interaction could not be observed between TATP and 
[BMIM], Section 4.5.1, however, in solution hydrogen bonding may be taking place which 
could affect desorption rates. The main intermolecular forces between cation and anion of 
ionic liquids has been shown to be hydrogen bonding, with numerous sites for hydrogen 
bonding available on [BMIM].
69
, 
70
 The potential sites for hydrogen bonding are greater in 
the phosphonium ionic liquids than the imidazoliums, which could explain the general trends 
observed. However, the strength of the intermolecular anion-cation hydrogen bonding and 
capability of TATP to access the available bonding sites needs to be explored in greater depth 
to explain deviations such as [BMIM][DCA]. 
A consideration towards the lipophilicity of the ionic liquids was considered following the 
comment that lipophilic characteristics may be advantageous to dissolve TATP due to the 
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non-polar nature of the explosive.
45
 Increased alkyl chain length increases the lipophilic 
character of ionic liquids.
71
 The phosphonium ionic liquids all contain a larger number of 
carbon chains on the quaternary phosphonium cation and are observed generally to have a 
lower desorption rate of TATP than the imidazolium ionic liquids. Though the observation 
made here within the phosphonium group would suggest longer alkyl chains decrease TATP 
solubility, with the rate of desorption increasing in the order [TriBP] < [TriiBP] < [THPD]. 
This contradiction could be explained by the negative correlation to the order of viscosity, or 
possibly the varying anions used in this study which may play a key role. As seen when 
varying the [BMIM] anion from [PF6] to [DCA]. 
Fluorination increases the hydrophobic and lipophobic character of a compound. The two are 
not synonymous of one another as highly fluorinated compounds can be both hydrophobic 
and lipophobic.
72
 This could suggest why [BMIM][PF6] shows a high level of desorption of 
TATP. [BMIM][DCA] is shown to extract toluene from heptane during liquid-liquid 
extractions to a greater extent than [EMIM][DCA], suggesting a greater polarity in 
[BMIM][DCA].
73
 This would suggest TATP would desorb more favourably from 
[BMIM][DCA], however the lower desorption profile is thought linked to the increased chain 
length on the cation, increasing lipophilicity, and the slightly increased viscosity slowing 
TATP movement through the medium. 
 
4.4.9 Clandestine use of ionic liquids 
 
The two ionic liquids that appeared most solid and crystalline at room temperature were 
prepared as before. [TriBP][MSO4] and [TriiBP][Tos] were cooled overnight and sampled 
using the microchamber at room temperature. No crystalline TATP could be observed by the 
naked eye within the sample suggesting it had fully dissolved. It was interesting to note that 
even without a temperature applied, the desorption of TATP could be seen. These samples 
did not present the characteristic sharp increase in TATP intensity seen with the application 
of a temperature, however the counts were still increased and were appreciably high for an 
ambient measurement. This observation is thought due to the high air flow through the 
microchamber constantly reducing the vapour pressure of TATP within the chamber inducing 
desorption from the ionic liquid. The counts observed here are similar to those observed of 
TATP after 5 hours at 90 °C. It is possible that an ionic liquid could be found that would 
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impede desorption of TATP to such an extent that detection would be extremely difficult and 
as such, ionic liquids should be considered a potential hazard for illicit transport of explosive 
compounds. Of the ionic liquids examined, a direction towards phosphonium cations with 
short alkyl chain lengths and a dicyanamide anion would be considered to inhibit TATP 
desorption. 
 
Figure 4.16- TATP desorption from [TriBP][MSO4] and [TriiBP][Tos]. 
 
4.4.10 Reproducibility of TATP desorption from ionic liquids 
 
To determine the reproducibility of the use of ionic liquids as a vapour source, a range error 
was determined based on consecutive replicates of the ionic liquids containing equal 
quantities of TATP. The range error was determined based on the counts observed in the 
290
th
 minute of each analysis. These were generally found to have good range error, below 
20%, with [EMIM][DCA] proving to be the most reproducible. [BMIM][DCA] and 
[THDP][DCA] presented the largest variation with 23 % and 35 % respectively. It is thought 
that with improvements in sample preparation and sampling technique this value may be 
improved upon. For use as a standardised vapour source high reproducibility is essential, 
however that does not prevent these samples currently being used for safe qualitative analysis 
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without requiring the handling of a dried or energetically unstable explosive sample. The 
reusability of [BMIM][PF6] was tested, with a series of previously analysed samples 
combined. These combined samples still produced a significant [TATP+Li]
+
 peak in the mass 
spectra after a few minutes. The sample was continually heated at 90
 
°C for a further 2 days 
and it was observed that the TATP signal intensity was greatly reduced but not absent. With 
continued heating an ionic liquid could be cleaned of any volatile materials and reused, 
reducing solvent costs. This also demonstrates a possible method of rendering TATP samples 
benign. Ionic liquids could be heated to temperatures that would thermally degrade TATP, 
followed by the volatile acetone thermal desorbed regenerating pure ionic liquid. 
 
Table 4.4- Reproducibility of TATP release from ionic liquids. 
Ionic liquid Range error % 
[EMIM][DCA] 10 
[EMIM][EtSO4] 12 
[BMIM][DCA] 23 
[THDP][DCA] 35 
[TriBP][TOS] 16 
[TriBP][MSO4] 15 
 
 
4.5 Conclusions 
 
A microchamber thermal extractor has been developed for the thermal desorption of TATP 
from a range of ionic liquids with detection by EESI using a doped lithium electrospray. The 
technique shows good reproducibility with use of imidazolium and phosphonium based ionic 
liquids and demonstrates the application of ionic liquids as a vapour source of TATP. The 
desorption of TATP is strongest from imidazolium based ionic liquids, with increasing alkyl 
chain lengths increasing desorption. [BMIM][DCA] was shown to impede desorption of 
TATP the greatest. The potential for ionic liquids to be used to mask TATP vapours was 
demonstrated. 
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Chapter 5 
 
Direct analysis of triacetone triperoxide 
desorbed from materials by 
microchamber thermal extraction- 
metal coordination extractive 
electrospray ionisation-mass 
spectrometry
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5.1 Introduction 
 
Triacetone triperoxide (TATP) is a peroxide based explosive that has seen an increased use in 
recent years by terrorist organizations in incidents such as the London bombings of 2005.
1–3
 
Due to the hazards posed by explosives, the potential for accidental detonation and the 
difficulties that would arise from moving a device to a lab for inspection, methods of 
detection that allow for minimal physical contact are desired. These methods are generally 
termed as stand-off detection and include examples such as terahertz, UV, IR, laser and 
vapour based techniques such as ion mobility spectrometry.
4–9
 
Of particular interest here are vapour based methods. Due to the physical characteristics of 
TATP to sublime at room temperature, an air sample can be collected and analyzed without 
requiring any physical contact with the explosive. Explosives have commonly been sampled 
this way due to their high vapour pressure.
10–13
 Thermal desorption can aid formation of 
explosive vapour by heating the sample.
14–17
 Extractive electrospray ionization (EESI) allows 
the neutral gaseous vapour to interact with a doped electrospray plume to ionize the sample 
for detection before interrogation by analytical techniques such as mass spectrometry or ion 
mobility.
18–21
 TATP is a labile peroxide explosive, the protonated TATP molecule generated 
in API ion sources fragments readily, making detection of the intact [M+H]
+
 ion by 
electrospray and atmospheric pressure chemical ionisation problematic.
22–24
 The stability of 
TATP can be improved by complexation with either alkali metal or ammonium ions allowing 
the detection of intact TATP complexes.
24–27
 
A range of techniques for the analysis of explosives including desorption electrospray 
ionization (DESI) and EESI are emerging with low ng limits of detection.
6,14
 The desorption 
of compounds from surfaces such as brick, glass, paper, skin, and cotton has previously been 
shown by DESI, laser desorption and neutral desorption EESI using ammonium and sodium 
ions to form [TATP+NH4]
+
 and [TATP+Na]
+
 respectively.
16,
 
17,
 
29–32
 Inert surfaces such as 
metal and glass are commonly found to provide lower limits of detection than fabric 
materials, furthermore different types of fabric material are shown to provide a variety of 
explosive sensitivities.
33
 
Whilst a range of surfaces have been studied based on their composition and potential for 
being present in a forensic or security scenario, an understanding of how those surfaces might 
153 
 
interact with an explosive has not been explored. Here we report an investigation of the 
thermal desorption extractive electrospray-mass spectrometry of TATP from surfaces using a 
thermal microchamber for desorption. This study is then developed further to test the LOD 
and evaluate potential for forensic applications of the microchamber-thermal desorption-
EESI technique for the detection of TATP. 
  
154 
 
5.2 Aims and objectives 
 
 To desorption TATP from a range of surfaces. 
 
  To observe the change in desorption profile with varying surface type. 
 
 To determine the limit of detection of TATP from a range of surfaces. 
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5.3 Experimental  
 
5.3.1 Chemicals 
 
Analytical-grade methanol was purchased from Fisher Scientific (Loughborough, UK). 
Lithium chloride was purchased from Sigma Aldrich. Solvent grade acetone purchased from 
Hammond chemicals Ltd, sulphuric acid (95 %) and methanol purchased from VWR 
chemicals; and hydrogen peroxide purchased from Alfa Aesar were used in the synthesis of 
TATP. 
 
5.3.2 Synthesis of TATP 
 
The synthesis of TATP is described previously, Chapter 2, Section 2.3.2 
 
5.3.3 Instrumentation 
 
All analyses were carried out using a Waters Synapt HDMS spectrometer (Waters, 
Manchester, UK). A schematic diagram of the ion source region of the Waters Synapt HDMS 
spectrometer, modified in-house for the extractive electrospray analysis of TATP is shown in 
Figure 5.1.
34
 TATP was dissolved in methanol to give concentrations ranging between 0.01-
100 μg mL-1 and a 200 μL volume was deposited on a surface in a 114 mL thermal 
desorption microchamber (µCTE-250 microchamber thermal extractor, Markes International, 
Llantrisant, UK). The materials studied were silcosteel, aluminium foil (5x5 cm), acetate 
polymer sheet (5x5 cm), cardboard (5x5 cm), cotton fabric 100% (5x5 cm), cotton wool balls 
100 %, nylon (5x5 cm), and cotton:polyester fabric (50:50) (5x5 cm), BVDA gelatin lifter 
(gellifter) (5x5 cm) each were doped with TATP and analysed. The silcosteel microchamber 
surface was preheated to 50 °C to generate TATP vapour, which flowed along a heated (140 
°C) stainless steel tube (2.5 mm i.d. x 800 mm) in a flow of air (50 ml min
-1
). The transfer 
line was terminated 5 mm from a lithium chloride doped electrospray plume (0.03 mg mL
-1
 in 
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MeOH; 5 μL min-1). The ESI source was operated in positive ion mode at a capillary voltage 
varying from 2 to 2.5 kV. 
Preliminary studies were performed with an air flow of 10 ml min
-1
 with a lithium chloride 
doped electrospray plume of 0.1 mg mL
-1
 in MeOH. Surfaces were spiked with 250 ul of a 2 
mg ml
-1
 TATP solution, equivalent to 0.5 mg of solid TATP spiked onto the surface. 
Permeation experiments were performed by depositing 2 ug of solid TATP into a 2 ml glass 
sample vial and capping with a layer of cotton fabric material. These were allowed to stand 
for between 1 and 72 hours before placing in the microchamber. 
 
 
Figure 5.1- Schematic of the in house modified sample chamber and source. 
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5.4 Results and discussion 
 
5.4.1 Extractive electrospray of TATP from a range of materials 
 
The use of TATP has become prevelant due to its ease of synthesis and widely available 
synthesis materials. A range of materials that could come in contact with explosives have 
been tested to explore their effects upon the desorption profiles of TATP and determine if the 
explosive is retained to a different extent based upon the material type. During initial 
desorption profile studies, 2 mg ml
-1 
TATP was spiked onto a 5 x 5 cm cutting of the material 
and the methanol solvent allowed to evaporate before placing the sample into the 50 °C 
preheated microchamber with a 10 ml min
-1
 air flow. 
TATP was successfully recovered from all surfaces tested, Figure 5.2 shows the typical 
background subtracted mass spectrum obtained for TATP desorbed from flat cotton fabric. 
This spectrum did not differ greatly between any of the materials tested here. The ions 
observed are due to in-source CID of the [TATP+Li]
+
 ion at m/z 229, with the lithium alkali 
metal retained through all the fragments. The m/z 123 ion is due to degradation of neutral 
TATP before the EESI interface to form acetone which ionizes in the ESI plume forming 
[(C3H6O)2+Li]
+
. This ion was not observed during MS/MS studies of the [TATP+Li]
+
 ion, 
but could be seen to increase in intensity when the sample was spiked with acetone. The 
formation of acetone by thermal degradation has been seen previously.
35–38
 
 
Figure 5.2- Typical background subtracted mass spectra of TATP from a range of surfaces. 
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Aluminium foil and acetate polymer sheets were chosen for the non porous nature of these 
materials. When TATP was deposited it remained on the surface of the material, as opposed 
to being absorbed, and upon heating formed a neutral gaseous TATP vapour. The desorbed 
neutral vapour passed along the heated transfer line to the EESI interface where [TATP+Li]
+
, 
m/z 229 forms by interaction of TATP with the lithium chloride doped electrospray plume. 
Desorbed from aluminium, the [TATP+Li]
+
 ion quickly reached a peak maxima within 3 
minutes, Figure 5.3. The desorption profile then shows a steady decline over the next 17 
minutes, but returned to ~40 % of the peak maxima in the analysis time. The desorption 
profile from acetate shows a similar rapid increase in [TATP+Li]
+
 ion intensity until 3 
minutes, though this begins to decline sooner than TATP from aluminium and at a steeper 
rate. After 20 minutes the counts of TATP from the plastic surface are ~20 % of the peak 
maxima. These profiles suggest, that TATP does not have a strong binding affinity for 
aluminium or acetate, but can be more rapidly desorbed from the aluminium foil as shown by 
the greater intensity of [TATP+Li]
+
 ions observed at the peak maxima. The rapid increase in 
intensity for aluminium may be affected by the thermal conductivity of aluminium, compared 
to the relatively poor thermal conductivity of the acetate polymer sheet. 
 
Figure 5.3- Selected ion chromatogram overlay for the [TATP+Li]
+
 obtained from spiking 
0.5 mg of TATP on aluminium foil, acetate polyer sheet, cotton fabric and nylon and 
thermally desorbing at 50 °C in an air flow of 10 ml min
-1
. 
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To determine the effect of adsorption into a bulk material, an experiment was performed 
using a cotton wool ball and a single layer flat 100 % cotton fabric material. The cotton wool 
ball showed an initial delay before TATP can be seen to desorb, followed by the ion counts 
steadily increasing over time, Figure 5.4. A peak maxima was not observed in the 20 minute 
analysis and the ion counts of [TATP+Li]
+
 were significantly lower than those from cotton 
fabric. Factors affecting the rate of desorption can be related to the high porosity of the cotton 
ball, and the physical structure impeding air flow and temperature change. These physical 
properties differ greatly to the 100 % cotton fabric which has been manufactured into a dense 
flat fabric. This physical difference is seen to increase the rate of desorption of TATP from 
the flat surface, with the peak maxima for the [TATP+Li]
+
 ion occurring at 5 minutes, Figure 
5.4. The selected ion chromatogram of TATP from cotton fabric is similar to that for the non-
porous materials aluminium and acetate film, though with a lower maximum peak intensity, 
Figure 5.3, suggesting that TATP is capable of adsorbing to cotton fabric to a greater extent 
than aluminium foil or acetate polymer. These data show that the physical structure of the 
material being desorbed from as well as its chemical properties can influence the desorption 
of TATP from it. However, while the physical structure of the cotton will play a large role in 
TATP desorption, the possibility that the cotton fabric has been chemically treated to produce 
a durable wearable material could also lead to a variable surface for TATP adsorption 
depending how the material was treated. 
 
 
Figure 5.4- Selected ion chromatogram of [TATP+Li]
+
 thermally desorbed from cotton fabric 
and a cotton wool ball at 50 °C. 
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In order to further test other fabric materials present in clothing, a cotton:polyester fabric 
(50:50) and nylon were studied, Figure 5.3 and Figure 5.5. The materials were dense flat 
fabrics similar to the 100 % cotton fabric. The air flow over the surface of the material, and 
contact area with the heated silicosteel container are similar between these materials. The 
cotton:polyester fabric displays a selected ion chromatogram of [TATP+Li]
+
 with a peak 
maxima at 6 minutes, and nylon reaching a plateau at 14 minutes. These vapour profiles 
suggest that TATP is much more strongly adsorbed to fabrics containing polymer fibers as 
the intensity of the [TATP+Li]
+
 ion observed is significantly reduced compared to 
aluminium, and the desorption profile takes much longer to reach its maximum intensity, 
Figure 5.3. The pattern observed for the fabric materials is that inclusion of polyester fibers 
into a cotton material impedes TATP desorption, but not to the extent that can be observed by 
nylon, Figure 5.5. The lower desorption of TATP from a nylon material may be due to the 
fabric containing numerous secondary amine groups. The amine groups should be capable of 
binding to TATP similar to that previously observed by ammonium, increasing the energy 
barrier required to induce thermal desorption.
26
 Cotton fabric contains alcohol groups, which 
can also form hydrogen bonds, though these would appear to have a lower affinity towards 
TATP. The ester groups present in polyester can act as hydrogen bond acceptors, rather than 
donors (differing from nylon and cotton), and inhibit TATP desorption. The ester groups may 
be forming hydrogen bonds with the methyl group present in TATP, though this affinity is 
less than observed for TATP towards nylon. 
 
Figure 5.5- Selected ion chromatograms of [TATP+Li]
+
 desorbed from                         
cotton:polyester or nylon at 50 °C. 
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5.4.2 Effect of temperature on the thermal desorption of TATP from surfaces 
 
Optimisation of the air flow revealed that a flow of 50 ml min
-1 
through the microchamber 
gave improved desorption profiles, for all subsequent experiments this flow was used. The 
effect of increasing microchamber temperature on the desorption profiles of TATP obtained 
from a cotton/ polyester (50:50) fabric was investigated, Figure 5.6. No significant desorption 
of TATP was observed at 30 °C, and it is assumed that TATP desorption is at levels below 
the limit of detection of this approach. As the temperature of the thermal microchamber is 
increased, the maximum intensity of the [TATP+Li]
+
 ion also increases, this also corresponds 
with a reduction in the time taken to attain a  maximum peak intensity. The vapour profiles 
are also observed to change from broad flat profiles to much sharper peak like profiles as the 
temperature was increased, desorbing the TATP and nearly returning to baseline at 100 °C in 
the time taken to reach an intensity maxima at 40 °C. This increased peak height obtained at 
higher temperatures enhances the sensitivity of this approach. This change in peak profile is 
caused by the increased thermal energy aiding rapid desorption. the higher the temperature 
the more rapid the desorption rate of TATP, leading to a greater peak intensity and shorter 
analysis times. This rapid high temperature thermal desorption is commonly used to desorb 
compounds for analysis, though the degradation of TATP should be taken into consideration, 
with fragmentation easily being observed, Figure 5.2. This effect of temperature change is 
seen across all of the materials analysed with the trend of TATP desorption in Figure 5.3 still 
being observed. 
162 
 
 
Figure 5.6- Selected ion desorption profile of [TATP+Li]
+ 
ion response for TATP desorbed 
from cotton/ polyester fabrics at a range of temperatures in a 50 ml min
-1
 air flow. 
 
Comparing the different vapour profiles observed from investigated materials some general 
conclusions can be drawn from these observations to assess the potential thermal desorption 
characteristics of TATP from surfaces. The materials studied can be characterized into two 
categories, porous and non-porous. Aluminium and acetate polymer sheets are non-porous, 
they do not adsorb TATP strongly and so the explosive can be easily thermally desorbed 
from the surface. Fabrics are porous materials and slow the desorption of TATP. 
Furthermore, materials of a synthetic nature such as polyester and nylon appear to inhibit 
TATP desorption to a greater extent. These findings align well with current research based on 
the LOD levels of explosives from these types of materials and could help guide the design of 
sampling methodologies of TATP based on the surface characteristics.
28,
 
33,
 
39
 
 
 
 
0 
50000 
100000 
150000 
200000 
250000 
1 2 3 4 5 6 7 8 9 10 
C
o
u
n
ts
 /
  m
in
u
te
s-
1  
Time / minutes-1 
Cotton/ polyester (50/50)  
100 OC 
75 OC 
50 OC 
40 OC 
30 OC 
163 
 
5.4.3 Analysis of TATP from surfaces and containers 
 
To simulate the storage of the explosive in a sealed container such as a rucksack or bag, 2 ug 
of solid TATP was placed in a 2 ml sample vial and sealed using a secured cutting of cotton 
fabric and left to stand for between 1 hour and 72 hours before placing into the 
microchamber. As the cotton fabric is porous, this allows an air flow through the material. 
TATP was readily detected after 1 hour and TATP levels were seen to begin to drop 
significantly after 2 hours, with reducing peak height and increased peak broadening, TATP 
was still detectable after 4 hours however, after 3 days TATP counts were below the limit of 
detection of this approach. This reduction in detection capability is a result of TATP readily 
subliming at room temperature and passing through the fabric material into the surrounding 
atmosphere. This characteristic is the basis of numerous vapour desorption techniques, 
detecting trace levels of explosive in the atmospheres to determine the presence of bulk 
material. These data show that TATP permeating through packing or clothing can be detected 
with this technique, with as little as 2 µg of TATP present, indicating that it has the potential 
to detect TATP in a concealed explosive device.  
A temperature study was performed to determine the optimal temperature for thermally 
desorbing TATP through the fabric, Figure 5.7. Increasing the temperature of the 
microchamber increased the detection response of [TATP+Li]
+
 from the microchamber. At 
low temperatures such as 50 °C the low levels of TATP do not generate a significant peak in 
either the chromatogram or mass spectrum. As the temperature increased the rate of 
permeation through the fabric also increased. Above 100 °C the peak shape of [TATP+Li]
+
 is 
evident, as TATP vapour is released from the sample vial causing an initial spike in response, 
till the loss of TATP settles into a constant decline over 10 minutes. It can also be noted that 
at temperatures exceeding 130 °C the [TATP+Li]
+
 signal begins to decline due to the thermal 
degradation of TATP.
40,
 
41
 These data show that 120 °C is the optimal temperature for 
thermally desorbing TATP from fabrics. 
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Figure 5.7- 2 ug of TATP deposited in a 2 ml sample vial and heated at (a) 50 °C, (b) 100 °C, 
(c) 120 °C, (d) 130 °C in a 50 ml min
-1
 air flow. 
 
5.4.4 Analysis of TATP spiked onto room temperature samples 
 
TATP was spiked onto room temperature cotton fabric, cardboard and silicosteel and 
immediately placed into the preheated microchamber with an increased air flow of 50 ml min
-
1 
to aid rapid desorption. This lead to peak shapes being much sharper than previously 
observed (Figure 5.3) with a brief time delay before [TATP+Li]
+ 
was detected due to sample 
heating, evaporation of the solvent and formation of TATP vapour.  
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5.4.4.1 EESI of TATP from cotton fabric 
 
The desorption profile of TATP spiked directly onto a cotton fabric surface is shown in 
Figure 5.8. The peak profile is broad but defined, reaching a maxima at 7 minutes and 
declining over 4 minutes. The initial peak response time is longer than observed in Figure 5.3 
due to the increased time for solvent evaporation before significant TATP vapour begins to 
be formed. This peak profile is much sharper than seen in Figure 5.4, with levels of the 
[TATP+Li]
+
 ion returning to baseline. The increased temperature and air flow allow TATP to 
be heated and removed from the cotton fabric surface rapidly, reducing the time taken for 
surface desorption. The limit of detection observed by this technique at 120 °C is 10 ng of 
TATP spiked onto the fabric surface. This correlated to a TATP loading of 400 pg/cm
2
, 
highlighting the high sensitivity of this approach 
 
Figure 5.8- The selected ion response of 0.2 ug [TATP+Li]
+
 desorbed from fabric at 120 °C. 
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Figure 5.9- S/N limit of detection of [TATP+Li]
+
 desorbed from 100 % cotton fabric. 
 
5.4.4.2 EESI of TATP from cardboard material 
 
The desorption of TATP from cardboard shows a much broader selected ion response, Figure 
5.10, with TATP being desorbed from the cardboard moments after it is placed in the sample 
chamber. The TATP/methanol solution spiked onto the surface of TATP appeared to be 
absorbed by the material. This absorption of TATP/methanol reduces the delayed response of 
TATP desorption seen from cotton fabric and metal due to solvent evaporation and results in 
the rapid desorption of TATP from cardboard. The peak maxima of [TATP+Li]
+
 is observed 
at one minute, which gradually declines over the next ten minutes, Figure 5.10. The counts 
observed of the TATP ion are significantly less than those observed for other porous surfaces. 
It is thought that the structure of cardboard hinders the formation of gaseous TATP by 
absorption of the dissolved material into the cardboard. The initial spike of TATP is thought 
due to remaining residue on the cardboard surface that had not fully been absorbed by the 
cardboard, though these counts remain low. The limit of detection at 120 °C was found to be 
100 ng of TATP spiked onto the cardboard surface, Figure 5.11, a detection limit larger than 
from fabric. 
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Figure 5.10- Selected ion chromatogram of [TATP+Li]
+
 from cardboard at 120 °C in a 50 ml 
min
-1
 air flow. 
 
Figure 5.11- S/N limit of detection of [TATP+Li]
+ 
from cardboard using 100 ng TATP. 
 
TATP was deposited onto cardboard, and left in open air from 5-60 minutes before sampling. 
The quantity of TATP detected from the sample declined rapidly with storage time, as shown 
in Figure 5.12. This graph shows a rate of decline of second order, with the plot of 
1/[(TATP+Li)
+
] presenting an equation of the line y=3E-05x-6E-06, R
2
=0.9844. Whilst a 
sample vial covered with a fabric textile was capable of retaining TATP vapour for up to 72 
hours before EESI-MS, Section 5.3.3, TATP was no longer detectable after 60 minutes on a 
flat porous surface of cardboard. This experiment highlights the difficulties of detecting 
TATP from materials that could be used as disposable work surfaces, or as packaging 
materials. Trace analysis of this material is possible, but should be performed as soon as 
possible, with the awareness that due to the porous nature of the cardboard, a sharp and well 
define peak shape of the [TATP+Li]
+
 ion may be difficult to observe. 
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Figure 5.12- The intensity of [TATP+Li]
+
 desorbed from cardboard at 120 °C in a                
50 ml min
-1
 air flow after storage in open air at room temperature. 
 
5.4.4.3 EESI of TATP from a silicosteel material 
 
A typical EESI desorption profile and the associated mass spectrum for TATP are shown of 
TATP from silicosteel, Figure 5.13. The vapour profile from this surface at 50 °C shows an 
initial delay as the solvent and TATP is heated and fills the microchamber, followed by a 
rapid increase in the intensity of the [TATP+Li]
+
 ion (m/z 229) to a maximum at 4 minutes, 
followed by a decline over 3 minutes. Much narrower profiles may be obtained at higher 
desorption temperatures. The limit of detection observed by this thermal desorption EESI 
sampling method for TATP desorbed from a silicosteel surface at 50 °C was 20 ng for the 
[TATP+Li]
+
 ion.  This detection limit is lower than shown previously for cotton fabric and 
cardboard which were both measured at 120 °C to aid desorption. This detection limit is also 
comparable to that obtained by DESI from a metal surface,
28
 showing the potential for this 
EESI approach to be developed for security and forensic applications. 
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Figure 5.13- Thermal desorption profile and mass spectrum for
 
TATP thermally desorbed 
from a metal surface at 50 °C and ionized by extractive electrospray using a lithium-doped 
electrospray, (a) selected ion response for [TATP+Li]
+
 (m/z 229) (0.2 µg/ml
-1
) (b) 
background subtracted mass spectrum from the desorption profile. 
 
5.4.5 Desorption of TATP from a gel surface 
 
Gellifters are often used in forensic scenarios to lift fingerprints, shoeprints and microtraces 
from surfaces. The gelatin layer to the gellifters allows for a "non-aggressive, low adhesive" 
to lift traces from nearly any surface.
42
 To a fingerprint gel surface, 20 ng of TATP was 
spiked. The [TATP+Li]
+
 ion cannot easily be observed at temperatures less than 100 °C, 
indicating that the gel retains the peroxide explosive strongly. The desorption profile shows a 
peak maxima at 3 minutes which slowly declines during the remaining 11 minutes of the 
scan, Figure 5.14. Quantities less than 20 ng could be observed, but only became clearly 
identifiable using tandem mass spectrometry. The ion at m/z 169 is a background ion from the 
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gel surface which could not be removed through background subtraction due to its intensity. 
The estimated limit of detection from a gel surface was 20 ug of TATP spiked on the surface 
at 120 °C. This surface highlights the difficulty of desorbing and detecting TATP from 
surfaces with adhesive properties. 
 
Figure 5.14- Desorption profile of TATP from gel surface and background subtracted mass 
spectrum of 20 ng TATP spiked sample. 
 
5.4.6 Quantitative performance of microchamber thermal desorption EESI 
 
TATP was spiked onto a cotton fabric surface at levels between 10 ng and 2000 ng and 
thermally desorbed. Linearity observed over 2 orders of magnitude with the R
2
 of 0.999. The 
limit of detection observed from this surface is at the ng level, with peak maxima occurring 
after a few minutes. This is in part due to the drying of solvent and filling of microchamber 
by TATP before significant quantities pass along the heated transfer line to the EESI source. 
As explosive samples are likely to be at trace levels without the presence of a solvent, this 
time delay will reduce significantly as shown during the initial surface studies, Section 5.3.1. 
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It is also thought that with a reduction in sample chamber volume and increase in air flow, the 
time taken to observe a TATP signal will also reduce. 
 
5.5 Conclusions 
 
A range of materials have been examined to observe the retention of the peroxide explosive 
TATP during thermal desorption. Porous materials are capable of adsorbing TATP with 
greater affinity, with cardboard and synthetic nylon showing the lowest desorption rates. 
Cotton and cardboard surfaces both suit high temperature desorption of the explosive for 
rapid ng level detection, whilst the metal surface allows detection limits of 20 ng at 
temperatures of 50 °C. The results shown should highlight not only the detection limits 
possible for a range of surfaces, but begin to develop methodologies for how sample analysis 
may need to be modified for the surface being examined, due to the differing desorption 
profiles obtained. 
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6.1 Thesis Overview 
 
6.1.1 Summary of Chapter One 
 
The introductory chapter provides an brief description of the field of explosives and how 
TATP is classified as an explosive. A summary of the current research and understanding 
surrounding TATP is described followed by an introduction to the techniques used within this 
thesis. Specific detail is given toward the use of ambient ionisation techniques for the 
analysis of labile compounds and gas phase analytes which can be applied toward the 
ionisation of the labile peroxide explosive TATP studied in this thesis. The use of mass 
spectrometry and hyphenation with ion mobility spectrometry is discussed, with details of 
measuring collision cross sections and comparison to modelled structures.  
 
6.1.2 Summary of Chapter Two 
 
The liquid phase mixing of TATP with metals was performed, followed by the exploration of 
reactivity between TATP and metal compounds in the molten phase, with an aim to observe 
coordination chemistry between TATP and metal. No such observations were made and so 
further investigation was aimed toward understanding the behaviour of TATP when heated to 
120 
°
C to form the molten phase. Degradation products of acetone and acetic acid were 
observed, with formation and subsequent degradation of DADP. TATP was found to be 
stable in the molten phase for up to 6 hours, suggesting it was still present to participate in 
coordination chemistry during metal reactions, though none were observed. DADP was 
observed to be a stable product during acid degradation of TATP with one drop of TFA, 
though was not stable during thermal degradation. The C2 conformer of TATP was observed 
with increased NMR resolution than previously reported. 
Future work in this area is to explore the degradation of TATP in the presence of metals and 
high temperature to determine the rate of degradation of TATP as a potential route to the 
destruction of bulk amounts of TATP. The observation of D3 and C2 conformers has been 
observed by NMR spectroscopy with support of the crystalline TATP residing in the 
thermodynamically stable D3 conformer. The investigation of the conformation of non 
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crystalline TATP by solid state NMR spectroscopy should be explored to observe the 
conformation characteristics. 
 
6.1.3 Summary of Chapter Three 
 
The detection of TATP by ESI-MS was achieved by stabilisation of the peroxide ring with 
alkali metals. Expansion of the currently reported use of Li, Na and K was explored with 
novel observation of [TATP+Rb]
+
 and [TATP+Cs]
+
 adducts. The ion mobility profiles of 
these ions is reported by ESI-IMS-MS showing an increase in IM drift time with increasing 
alkali metal radii. The formation of [2TATP+Li+LiCl]
+
 adduct is reported for the first time, 
with analysis by experimental CCS measurement and comparison to theoretically calculated 
CCS using MOBCAL with the projection approximation, exact hard sphere scattering and 
trajectory methods of calculation. The theoretical CCS showed good comparison to the 
experimentally measured adducts. The [TATP+Ag]
+
 ion is reported for the first time, with the 
characteristic isotope pattern being observed in all fragments due to retention of the metal 
ion. Ion mobility data for this ion is also presented. 
Future work in this area is to further explore the complexation of TATP to silver, with a 
detailed study of the fragmentation pattern. The potential use of the characteristic isotope 
pattern observed for trace quantitative analysis of TATP should be explored for a comparison 
to alkali metals and the use of this new TATP-metal adduct for TATP detection. Modelling of 
the [TATP+Ag]
+
 should be conducted to calculate metal binding energies to aid explanation 
of the observed mobility drift time. 
 
6.1.4 Summary of Chapter Four 
 
An in-house modified thermal microchamber extractive electrospray ionisation source was 
constructed for the thermal desorption of TATP dissolved in ionic liquids. The imidazolium 
and phosphonium ionic liquids used showed a range of chemical and physical properties 
which were observed to affect the desorption rate of TATP. [BMIM][DCA] was observed to 
inhibit TATP desorption to the greatest extent. This study explored the use of ionic liquids as 
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potential vapour sources of TATP due to their low vapour pressure and observed stabilisation 
of peroxide explosives to detonation. The use of ionic liquids as maskers of TATP vapour 
was explored and shown to inhibit TATP vapour significantly compared to a solid sample. 
This poses serious potential for its use in the illicit transportation of TATP and potentially 
other explosive material. 
Future work should further explore the potential use of ionic liquids as vapour sources, with 
determination of solubility of TATP in the ionic liquid and degradation of the peroxide both 
during analysis and in a long term study. This should asses the lifetime of any vapour source 
created. The potential use of ionic liquids to mask TATP requires determination of the 
potential ionic liquids that would perform this task effectively, in doing so potential methods 
to combat this can be explored, such as direct liquid sampling of material, or extended 
analysis times to ensure sufficient interrogation of materials. 
 
6.1.5 Summary of Chapter Five 
 
The examination of TATP desorption from a range of different material surfaces has been 
explored, with the observation that material composition alters TATP desorption. Synthetic 
materials such as nylon and polyester are found to desorb TATP at the slowest rate of the 
material studied here. The desorption of TATP from cardboard, cotton fabric and silicosteel 
was demonstrated with limit of detections determined. The in-house modified extractive 
electrospray ionisation source has demonstrated low limits of detection with TATP 
complexation to form the [TATP+Li]
+ 
adduct in a lithium doped electrospray. The potential 
need for differing sampling procedures based on the analysed material has been 
demonstrated, with the thermal degradation of TATP by thermal desorption also 
demonstrated, highlighting the issues caused by high temperature desorption techniques for 
the analysis of TATP. 
Further work in this area should explore the desorption of TATP from a range of other 
synthetic materials. This can aid the detection of TATP in trace quantities from surfaces and 
clothing in high throughput sensitive areas, where a particular type of clothing material may 
inhibit desorption of TATP vapours for detection. 
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6.2 Thesis Summary 
 
The experimental chapters in this thesis demonstrate the synthesis, reactivity and detection of 
TATP. The stabilisation of TATP to aid detection is performed by complexation with alkali 
metals and silver. Chapter two of this thesis demonstrates the synthesis of the explosive, with 
use of a molten phase to encourage TATP-metal complexation. The limited reactivity of 
TATP is shown followed by a molten phase degradation study. Chapter three explored the 
use of alkali metal ions to stabilise TATP during mass spectrometry with the novel use of 
binding silver. The CCS of lithiated TATP complexes are determined and compared to 
theoretically calculated CCS. Chapter four describes the use of an in-house modified thermal 
microchamber extractive electrospray ionisation source for the thermal desorption of TATP. 
The varying properties of room temperature ionic liquids are found to alter the rate of TATP 
desorption, with potential use to mask TATP vapours. The fifth chapter examines a range of 
different surfaces to explore the effect these surfaces have on the rate of TATP desorption. 
The need to understand the surface being analysed for the thermal desorption of TATP to 
achieve optimum desorption and retain TATP intact, without degradation to acetone is 
demonstrated. 
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A.R.Hill, P.F.Kelly, C.S.Creaser. Detection of Tiacetone Triperoxide (TATP) and its 
complexes with metal ions using nanoelectrospray-ion mobility mass spectrometry. BMSS 
2012. Poster. 
A.R.Hill, P.F.Kelly, C.S.Creaser. Detection of the Improvised Explosive Triacetone 
Triperoxide. Science Matters 2012. Poster. 
A.R.Hill, P.F.Kelly, C.S.Creaser. Detection of Tiacetone Triperoxide (TATP) and its 
Complexes with Metal Ions Using Ion Mobility Mass Spectrometry. 80/60 2012. Poster. 
A.R.Hill, J.C.Reynolds, P.F.Kelly, C.S.Creaser. Ion mobility-Mass Spectrometry of 
Tiacetone Triperoxide and its Complexes with Alkali Metal Ions. BMSS 2013. Poster. 
A.R.Hill, J.C.Reynolds, P.F.Kelly, C.S.Creaser. The Application of Ion Mobility-Mass 
Spectrometry to the Detection of Triacetone Triperoxide (TATP) and its Complexes with 
Alkali Metal Ions. IM SIG 2013. Poster. 
A.R.Hill, J.C.Reynolds, P.F.Kelly, C.S.Creaser. Detection of Improvised Explosives. Science 
Matters 2013. Poster. 
A.R.Hill, P.F.Kelly, C.S.Creaser. Observations of [TATP+M]
+
 Complexes of Triacetone 
Triperoxide with Alkali Metals. Structure 2013. Poster. 
A.R.Hill, J.C.Reynolds, M.B.Smith, P.F.Kelly, C.S.Creaser. Extractive Electrospray Mass 
Spectrometry of Peroxide Explosive Vapours in the Presence of Ionic Liquids. Chemistry 
Network Day 2013. Poster. 
A.R.Hill, J.C.Reynolds, P.F.Kelly, C.S.Creaser. Ion Mobility Mass Spectrometry of 
Tiacetone Triperoxide and its Complex Formation. IM SIG 2014. Poster. 
A.R.Hill, J.C.Reynolds, M.B.Smith, P.F.Kelly, C.S.Creaser. Extractive Electrospray Mass 
Spectrometry of Peroxide Explosive Vapours in the Presence of Ionic Liquids. Science 
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Appendix 2- Standard operating procedures 
 
General safety guidelines for handling TATP and its products 
DO’s 
 Wear Safety equipment during preparation and particularly during handling. 
 Use safety measures specific to explosives, i.e. bullet proof fume hood, blast screen. 
 Label and date all samples and equipment containing TATP etc. Remember other lab 
users. 
 Check and double check quantities of substances used in TATP preparation. 
 Very small spills in fume hood can be allowed to sublime; others must be destroyed 
with H2SO4. 
 Store in a cool well ventilated area, away from ignition sources. 
 Store in small quantities. 
 Store in a sealed container- without ground glass lid or screw top. (ignition known 
from friction of stoppers) 
 Use fresh residues, do not store for extended periods of time. 
 Thoroughly wash hands etc before and after use. 
 Be aware TATP is highly susceptible to heat, friction, and shock. 
DONT’S 
 Take any out of the lab. 
 Leave large spills unattended. 
 Shake, knock, or submit to other kinetic agitations. 
 Place near heat, or ignition sources i.e flammable organics, or touch with metal 
spatula. 
 Assume reaction products are shock insensitive. 
 Make quantities greater than 100s mgs. 
 Rush something that could pose a danger. 
 Become complacent after experience. 
 Work unattended- including reaction monitoring.  
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SOP for the transport and melting of explosive samples of triacetone triperoxide 
Transport 
 Only transport sample if absolutely necessary!!! 
 Only transport whilst in a cooled solid state- NEVER WHILST MOLTEN. 
 Transport via stairs, or in an empty lift. 
 Transport samples pre-prepared in the reaction vessel with suitable PPE and a 
container to hold sample. i.e NMR sample container. 
 Ensure safety apparatus such as blast shield is set up before transport of hazardous 
material. 
 Transport only required amount and ensure minimal handling is required outside of 
F2.03. 
Melting of TATP 
 Ensure Paul Kelly is aware of planned experiments to melt. 
 With use of thermometer, hot plate and clear oil bath TATP shall be heated to above 
its melting temperature to induce a molten state. 
 This melt shall be rapid to reduce sublimation therefore the oil bath must be preset to 
120 °C 
 Do not melt TATP at temperatures above 130 °C- risk of decomposition or 
detonation. 
 Use blast shield and other standard PPE at all times. 
 Use F2.03 blast fume hood or, agreed upon fume hood away from other hazards in 
case of explosion, ie don’t use a fume hood above a flammables cabinet. 
 Ensure sample tube safely secured to clamp stand and positioned in easy reach. 
 Position tube so addition and removal to oil bath is via manipulation of clamp stand, 
rather than of clamp arm. 
 Ensure reaction takes place behind the blast shield. 
 On halting reaction, allow to cool behind blast shield. 
 Use magnifying apparatus and torch to view reaction. Minimal physical disturbance 
of molten TATP being favourable. 
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Standard Operating Procedure of Explosive Materials for NMR Analysis 
Safety precautions for the friction, heat and shock sensitive explosive  
triacetone triperoxide (TATP) 
Preparation 
 Check and double check quantities of substances filling NMR tube. 
 Use fresh residues, do not store for extended periods of time. 
 Only use small quantities of TATP in submitted NMR samples, NO MORE than 
20mg. 
 DO NOT make Samples in short/cracked or in any way damaged NMR tubes. 
 Very small spills in fume hood can be allowed to sublime; others must be destroyed 
with H2SO4 (sulphuric acid). 
Transport 
 Wear Safety equipment during handling and transportation. 
 Transport in designated container only, NOT BY HAND. 
 DO NOT allow anyone else transport samples between labs. 
 Transport by staircase, in order to allow access to carrier – in an emergency. 
Analysis 
 Store in designated container and fume hood (F113), labelled clearly, to await NMR. 
 Ensure NMR file name is labelled hazardous. 
 Ensure, as NMR sample is stored separately from other samples in the sample rack, 
that the slot in the rack is obstructed from use by others. 
 DO NOT run samples unattended.  
 Ensure other NMR users DO NOT handle sample. 
 Collect samples shortly after NMR run. 
 Spills in or around NMR machine can be generously washed with methanol. 
Washings must be collected and TATP traces destroyed with conc. H2SO4 (sulphuric 
acid). 
Safety 
 Label and date all samples and equipment containing TATP etc. Remember other lab 
users. 
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 Be aware TATP is highly susceptible to heat, friction, and shock, minimise exposure 
where possible. 
 Remove sample carefully from designated container, don’t shake it out. 
 DO NOT place near heat, or ignition sources i.e. flammable organics, or touch with 
metal spatula. 
 DO NOT Assume samples in solution are shock insensitive. 
 DO NOT leave samples in NMR tubes for extended periods of time, dry TATP is 
hazardous. 
 DO NOT rush something that could pose a danger. 
 DO NOT become complacent after experience. 
 DO NOT work unattended - including reaction monitoring. 
 Handle with extreme caution any samples showing crystalline product, especially 
around the lid of the NMR tube. (If any product around the lid- DO NOT OPEN) 
 
Standard Operating Procedure of Explosive Materials for Temperature based NMR 
Analysis 
Safety precautions for the friction, heat and shock sensitive explosive triacetonetriperoxide 
(TATP) 
This document is intended as a supplementary to ‘Standard Operating Procedure of Explosive 
Materials for NMR Analysis’ for the basis of a temperature controlled study, refer to this 
previous document for standard explosive NMR operational guidelines, ALL of which apply 
here. 
Temperature Control 
 Ensure that temperature control and digital displays are accurate and in real time. 
 Ensure temperature changes are not sharp or significant for both heating or cooling; 
o Significant or rapid heating may lead to detonation of sample. 
o Significant or rapid cooling may induce crystalline produce giving rise to 
increased explosive potential. 
 Ensure during cooling the temperature of the NMR does not drop below the freezing 
point of the solvent. 
 Heating of the sample may lead to loss of solvent or sublimation of explosive. 
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Transport 
 Ensure TATP sample is temperature stable before transportation. i.e, do not move or 
handle until it has reached R.T 
Analysis 
 Ensure NMR file name is labelled with temperature of experiment, along with any 
temperature changes/ rate of changes during experiments. 
Safety 
 Remove sample carefully from NMR, look for any crystalline formation or 
evaporation of solvent. 
 DO NOT assume sample has attained R.T. hot or cold spots may still be present. 
 
General safety guidelines for handling TATP and its products with respect to Ionic 
Liquids 
Previous safety guidelines with respect to TATP still apply here 
TATP and Ionic Liquid mixtures 
 Ensure that the quantities of both the ionic liquid and TATP used are correct and 
appropriate. 
 The interaction of ILs with TATP is currently unknown; they should be regarded as 
both a solvent and a possible reactant. 
 Many ILs are combustible and therefore TATP and ionic liquids should only be in 
close proximity when actually preparing samples. Otherwise the two compounds must 
be kept separate. 
 If unsure how the two will react upon mixing, prepare a small scale sample in the 
explosives fume hood initially. 
 DO NOT assume TATP becomes less susceptible to detonation within the ionic 
liquid. 
 DO NOT assume the vapour pressure of TATP is reduced, TATP may still sublime 
away, possibly creating an explosive atmosphere! 
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 DO NOT store the sample mix for long periods of time unnecessarily, TATP may 
degrade within the IL, and this may result in a more explosive component being 
present. 
 CLEARLY label and date all samples and equipment containing TATP and ionic 
liquids. Take into account other people sharing the lab space. 
 Keep away from any heating or ignition sources. 
 Some ILs will need to be heated to become liquid, take extra precautions where 
necessary to limit quantities and hazards of TATP, ie use a blast shield. 
 Be careful that cooling any ILs may cause TATP to crystallise out, (including high 
temperature ILs down to RT) 
 DO NOT allow rapid heating or cooling of TATP mixtures unless supervised. 
 
Disposal 
 
 For the moment TATP + IL mixtures may be dissolved in an appropriate solvent and 
allowed to sublime off.  
 Given the organic nature of the ILs, it is NOT advised that conc. acid be added to 
ensure complete disposal of TATP. 
 Possible investigation into solvent extraction methods may be needed, to remove 
TATP from ILs for subsequent disposal. 
 
 
Standard Operating Procedure of Explosive Materials in Ionic Liquids for NMR 
Analysis. 
Safety precautions for the friction, heat and shock sensitive explosive  
triacetonetriperoxide (TATP) in the presence of ionic liquids. 
 
Preparation: 
 Ensure that the quantities of both the ionic liquid and TATP used in filling the NMR 
tube are correct. 
 Use fresh residues of TATP, do not store for excessive amounts of time. 
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 Use small quantities of TATP in a sample (NO MORE than 20 mg at a time.) 
 Small spills of TATP in a fume hood maybe allowed to sublime however; larger spills 
must be destroyed using H2SO4 (add the acid in small amounts to the TATP.) 
*** NOTE *** Despite low vapour pressure associated with ionic liquids (ILs) many are 
still combustible and therefore TATP and ionic liquids should only be in close proximity 
when actually preparing the samples. Otherwise the two compounds must be kept 
separate.   
Transport: 
 Wear Safety equipment during handling and transportation. 
 Transport in designated container only, NOT BY HAND. 
 DO NOT allow anyone else transport samples between labs. 
 Use the stairs – NOT the lift, in order to allow access to carrier – in an emergency. 
*** NOTE *** Although the study is based around the potential stability of explosives 
within ionic liquids this does not mean TATP is any more stable in the ionic liquids of 
question compared to previously researched environments. Therefore one must assume 
that the ionic liquid / TATP mixture is still highly explosive and sensitive to heat, shock 
and friction – HANDLE WITH CARE. 
Analysis: 
 Store in designated container and fume hood (F113), labelled CLEARLY, to await 
NMR. 
 Ensure NMR file name is labelled hazardous. 
 Ensure, as NMR sample is stored separately from other samples in the sample rack, 
that the slot in the rack is obstructed from use by others. 
 DO NOT run samples unattended.  
 Ensure other NMR users DO NOT handle sample. 
 Collect samples shortly after NMR run. 
 Spills in or around NMR machine can be generously washed with methanol. 
Washings must be collected and disposed of as appropriate for TATP + ILs 
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 The actual NMR samples themselves can be disposed of using correct solvents which 
dissolve ILs for example acetone or DCM, ensuring the waste is put in the correct 
waste vessels. 
Safety 
 CLEARLY label and date all samples and equipment containing TATP and ionic 
liquids. Take into account other people sharing the lab space. 
 Be aware TATP is highly sensitive to heat, friction, and shock, minimise exposure 
where possible. 
 Carefully remove the sample from designated container, don’t shake it out. 
 DO NOT place near heat, or ignition sources or touch with metal spatula. 
 DO NOT Assume samples in solution are shock insensitive. 
 DO NOT leave samples in NMR tubes for extended periods of time, dry TATP is 
hazardous. 
 DO NOT rush the procedure when TATP is present. 
 DO NOT become complacent after successful usage, sampling and analysis. 
 DO NOT work unattended - including reaction monitoring. 
*** NOTE *** Handle with extreme caution any samples showing crystalline product, 
especially around the lid of the NMR tube. (If any product around the lid- DO NOT OPEN.) 
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Appendix 3- Modelling coordinates 
 
App 1.1- D3 Conformer 
--------------------------------------------------------------- 
 
                         Standard orientation:                          
 --------------------------------------------------------------------- 
 Center     Atomic       Atomic              Coordinates (Angstroms) 
 Number   Number      Type               X  Y  Z 
 --------------------------------------------------------------------- 
    1           6             0        -1.018429   -1.739437    0.044085 
    2           8             0        -1.489460    0.506801   -0.526551 
    3           8             0        -1.521246   -0.510540    0.543695 
    4           6             0        -0.997834    1.751320    0.044157 
    5           8             0           0.316451    1.569350    0.545745 
    6           8             0           1.182681    1.035907   -0.524884 
    7           6             0           2.016091   -0.011974    0.044328 
    8           8             0           1.202677   -1.060497    0.545180 
    9           8             0           0.306079   -1.542217   -0.525301 
   10          6             0          2.797633    0.462958    1.263035 
   11          1             0          3.444766   -0.341073    1.621251 
   12          1             0           3.417299    1.316025    0.974683 
   13          1             0           2.120704    0.763151    2.063476 
   14          6             0           2.904397   -0.435852   -1.125271 
   15          1             0           3.537839    0.395622   -1.442381 
   16          1             0           3.538911   -1.261849   -0.793952 
   17          1             0           2.333533   -0.793083   -1.990430 
   18         6             0        -0.997522   -2.652951    1.263210 
   19         1             0        -2.017505   -2.813058    1.620326 
   20         1             0        -0.566278   -3.615435    0.975945 
   21          1             0        -0.400780   -2.215147    2.064098 
   22          6             0        -1.829451   -2.297039   -1.125544 
   23          1             0        -2.861311   -2.436429   -0.793101 
   24          1             0        -1.856193   -1.622238   -1.989178 
   25          1             0        -1.424509   -3.259960   -1.444892 
   26          6             0        -1.800483    2.190109    1.262739 
   27          1             0        -1.430188    3.153729    1.620289 
   28          1             0        -2.849485    2.296987    0.974645 
   29          1             0        -1.719526    1.454365    2.063496 
   30          6             0        -1.072460    2.733670   -1.124680 
   31          1             0        -2.109022    2.871408   -1.440533 
   32           1             0        -0.669628    3.694152   -0.793227 
   33           1             0        -0.480365    2.416166   -1.991147 
   34          3             0           0.000880    0.000474   -1.679598 
--------------------------------------------------------------------- 
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Mulliken atomic charges: 
              1 
     1   C    0.515474 
     2   O   -0.345008 
     3   O   -0.252235 
     4   C    0.515850 
     5   O   -0.252197 
     6   O   -0.345150 
     7   C    0.515616 
     8   O   -0.252142 
     9   O   -0.345035 
    10  C   -0.486228 
    11  H    0.199932 
    12  H    0.200529 
    13  H    0.211586 
    14  C   -0.496939 
    15  H    0.214524 
    16  H    0.219079 
    17  H    0.188856 
    18  C   -0.486184 
    19  H    0.199883 
    20  H    0.200605 
    21  H    0.211555 
    22  C   -0.496845 
    23  H    0.218981 
    24  H    0.188920 
    25  H    0.214496 
    26  C   -0.486154 
    27  H    0.199896 
    28  H    0.200603 
    29  H    0.211505 
    30  C   -0.496966 
    31  H    0.214525 
    32  H    0.219091 
    33  H    0.188790 
    34  Li   0.490788 
 Sum of Mulliken charges=   1.00000 
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App 1.2- C2 bidentate conformer   
 --------------------------------------------------------------- 
 
                         Standard orientation:                          
 --------------------------------------------------------------------- 
 Center     Atomic       Atomic              Coordinates (Angstroms) 
 Number   Number      Type               X  Y  Z 
 --------------------------------------------------------------------- 
    1           6             0        -1.683714   -1.012095    0.128271 
    2           6             0           1.707138   -0.858229    0.010875 
    3           6             0        -0.080503    1.918362    0.077614 
    4           8             0           0.656208   -1.835664   -0.294652 
    5           8             0           0.511931    1.217552   -1.043128 
    6           8             0        -1.847876    0.391830    0.213143 
    7           8             0        -0.735775    1.010034    0.938955 
    8           8             0          1.697040    0.271459   -0.893730 
    9           8             0        -0.583837   -1.277092   -0.816509 
   10           6             0        -1.511829   -1.725525    1.454325 
   11           1             0        -2.419547   -1.563909    2.041339 
   12           1             0        -1.384554   -2.797489    1.287675 
   13           1             0        -0.664079   -1.353423    2.024301 
   14           6             0          1.800434   -0.553472    1.497256 
   15           1             0          1.907828   -1.504541    2.026791 
   16           1             0           2.699196    0.039089    1.689233 
   17           1             0           0.932520   -0.033179    1.889986 
   18           6             0           2.976826   -1.579267   -0.472687 
   19           1             0          2.943217   -1.755632   -1.550110 
   20           1             0          3.862749   -0.991379   -0.223167 
   21           1             0           3.037421   -2.545280    0.037338 
   22           6             0        -2.936167   -1.453160   -0.634081 
   23           1             0        -2.903657   -2.534667   -0.783251 
   24           1             0        -3.827096   -1.194754   -0.056955 
   25           1             0        -3.000377   -0.958865   -1.608205 
   26           6             0          0.938399    2.671258    0.923191 
   27           1             0          1.453911    3.394541    0.286981 
   28           1             0           0.419164    3.208365    1.720407 
   29           1             0           1.679067    2.012008    1.371586 
   30           6             0        -1.043036    2.871008   -0.647116 
   31           1             0        -1.613569    3.404702    0.118668 
   32           1             0        -0.480770    3.593221   -1.241990 
   33           1             0        -1.745738    2.334438   -1.285292 
   34           3             0          0.172500   -0.217161   -2.201281 
 --------------------------------------------------------------------- 
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 Mulliken atomic charges: 
              1 
     1   C    0.506237 
     2   C    0.479583 
     3   C    0.504282 
     4   O   -0.257267 
     5   O   -0.339514 
     6   O   -0.273566 
     7   O   -0.292028 
     8   O   -0.305774 
     9   O   -0.368039 
    10  C   -0.476916 
    11  H    0.198705 
    12  H    0.195549 
    13  H    0.189752 
    14  C   -0.503468 
    15  H    0.195942 
    16  H    0.191488 
    17  H    0.210854 
    18  C   -0.468920 
    19  H    0.197308 
    20  H    0.207884 
    21  H    0.212466 
    22  C   -0.480524 
    23  H    0.206475 
    24  H    0.210323 
    25  H    0.183302 
    26  C   -0.484941 
    27  H    0.201170 
    28  H    0.205414 
    29  H    0.188836 
    30  C   -0.482885 
    31  H    0.210680 
    32  H    0.200101 
    33  H    0.198511 
    34  Li   0.638979 
 Sum of Mulliken charges=   1.00000 
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App 1.3- C2 conformer tetradentate 
--------------------------------------------------------------- 
 
                         Standard orientation:                          
 --------------------------------------------------------------------- 
 Center     Atomic       Atomic              Coordinates (Angstroms) 
 Number   Number      Type               X  Y  Z 
 --------------------------------------------------------------------- 
    1           6             0        -1.683714   -1.012095    0.128271 
    2           6             0           1.707138   -0.858229    0.010875 
    3           6             0        -0.080503    1.918362    0.077614 
    4           8             0           0.656208   -1.835664   -0.294652 
    5           8             0           0.511931    1.217552   -1.043128 
    6           8             0        -1.847876    0.391830    0.213143 
    7           8             0         -0.735775    1.010034    0.938955 
    8           8             0          1.697040    0.271459   -0.893730 
    9           8             0        -0.583837   -1.277092   -0.816509 
   10          6             0         -1.511829   -1.725525    1.454325 
   11          1             0        -2.419547   -1.563909    2.041339 
   12           1             0        -1.384554   -2.797489    1.287675 
   13           1             0        -0.664079   -1.353423    2.024301 
   14           6             0          1.800434   -0.553472    1.497256 
   15           1             0          1.907828   -1.504541    2.026791 
   16           1             0           2.699196    0.039089    1.689233 
   17           1             0           0.932520   -0.033179    1.889986 
   18           6             0           2.976826   -1.579267   -0.472687 
   19           1             0           2.943217   -1.755632   -1.550110 
   20           1             0           3.862749   -0.991379   -0.223167 
   21           1             0           3.037421   -2.545280    0.037338 
   22           6             0        -2.936167   -1.453160   -0.634081 
   23           1             0        -2.903657   -2.534667   -0.783251 
   24           1             0        -3.827096   -1.194754   -0.056955 
   25           1             0        -3.000377   -0.958865   -1.608205 
   26           6             0          0.938399    2.671258    0.923191 
   27           1             0          1.453911    3.394541    0.286981 
   28           1             0           0.419164    3.208365    1.720407 
   29           1             0           1.679067    2.012008    1.371586 
   30           6             0         -1.043036    2.871008   -0.647116 
   31           1             0        -1.613569    3.404702    0.118668 
   32           1             0        -0.480770    3.593221   -1.241990 
   33           1             0        -1.745738    2.334438   -1.285292 
   34           3             0          0.172500   -0.217161   -2.201281 
 --------------------------------------------------------------------- 
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Mulliken atomic charges: 
              1 
     1   C    0.506237 
     2   C    0.479583 
     3   C    0.504282 
     4   O   -0.257267 
     5   O   -0.339514 
     6   O   -0.273566 
     7   O   -0.292028 
     8   O   -0.305774 
     9   O   -0.368039 
    10  C   -0.476916 
    11  H    0.198705 
    12  H    0.195549 
    13  H    0.189752 
    14  C   -0.503468 
    15  H    0.195942 
    16  H    0.191488 
    17  H    0.210854 
    18  C   -0.468920 
    19  H    0.197308 
    20  H    0.207884 
    21  H    0.212466 
    22  C   -0.480524 
    23  H    0.206475 
    24  H    0.210323 
    25  H    0.183302 
    26  C   -0.484941 
    27  H    0.201170 
    28  H    0.205414 
    29  H    0.188836 
    30  C   -0.482885 
    31  H    0.210680 
    32  H    0.200101 
    33  H    0.198511 
    34  Li   0.638979 
 Sum of Mulliken charges=   1.00000 
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App 1.4- [2TATP+Li+LiCl]
 
ion 
--------------------------------------------------------------- 
 
                         Standard orientation:                          
 --------------------------------------------------------------------- 
 Center     Atomic       Atomic              Coordinates (Angstroms) 
 Number   Number      Type               X  Y  Z 
 --------------------------------------------------------------------- 
    1           6             0           4.121721    1.973031   -0.330574 
    2           8             0           3.497032    0.062953   -1.561395 
    3           8             0           4.593839    0.997537   -1.246786 
    4           6             0           4.028341   -1.281795   -1.549526 
    5           8             0           4.534437   -1.610126   -0.264517 
    6           8             0           3.485518   -1.380302    0.744493 
    7           6             0           4.092353   -0.716255    1.875213 
    8           8             0           4.623365    0.541478    1.483451 
    9           8             0           3.548227    1.336136    0.834503 
   10           6             0           5.305634   -1.468527    2.411235 
   11           1             0           5.689172   -0.966848    3.303159 
   12           1             0           5.001725   -2.483921    2.677847 
   13           1             0           6.092852   -1.513796    1.658158 
   14           6             0           2.948207   -0.603278    2.884120 
   15           1             0           2.639587   -1.597765    3.215194 
   16           1             0           3.306291   -0.034762    3.746417 
   17           1             0           2.074066   -0.088693    2.474040 
   18           6             0           5.364294    2.792258    0.001894 
   19           1             0           5.716987    3.307293   -0.895068 
   20           1             0           5.103695    3.535578    0.759494 
   21           1             0           6.159685    2.151961    0.384339 
   22           6             0           2.969694    2.811834   -0.885261 
   23           1             0           3.303863    3.281660   -1.813982 
   24           1             0           2.083368    2.210628   -1.108495 
   25           1             0           2.694741    3.589384   -0.168896 
   26           6             0           5.238130   -1.440832   -2.464448 
   27           1             0           5.557357   -2.485862   -2.475596 
   28           1             0           4.955584   -1.145372   -3.478203 
   29           1             0           6.064986   -0.816092   -2.124827 
   30           6             0           2.835653   -2.143448   -1.968141 
   31           1             0           2.540085   -1.902642   -2.992115 
   32           1             0           3.140791   -3.192035   -1.920805 
   33           1             0           1.968224   -2.009973   -1.314799 
   34          17           0           0.007257    0.063794    0.063050 
   35           3             0        -2.223891    0.022523    0.025613 
   36           3             0           2.230903    0.046165    0.024416 
   37           1             0        -1.967177   -0.599157   -2.322130 
   38           6             0        -2.838049   -1.161838   -2.669277 
   39           6             0        -4.028549   -1.056688   -1.714689 
   40           1             0        -2.551047   -2.208685   -2.793659 
   41           1             0        -3.140555   -0.755927   -3.638250 
   42          8             0        -4.545715    0.260031   -1.601728 
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   43           8             0        -3.486456   -1.495121   -0.449134 
   44           6             0        -5.233427   -1.881622   -2.154628 
   45           1             0        -5.562045   -1.556131   -3.144615 
   46           1             0        -4.940857   -2.933500   -2.205259 
   47           1             0        -6.056660   -1.770722   -1.448236 
   48           8             0        -3.497318    1.147975   -1.067759 
   49           6             0        -4.098177    2.002564   -0.068077 
   50           8             0        -4.620353    1.225813    0.999300 
   51           6             0        -2.950496    2.919035    0.359687 
   52           6             0        -5.312111    2.761225   -0.594646 
   53           1             0        -2.629527    3.534983   -0.483638 
   54           1             0        -3.314313    3.569719    1.159296 
   55           1             0        -2.085884    2.365087    0.737171 
   56           1             0        -5.010520    3.351189   -1.464119 
   57           1             0        -6.105760    2.072313   -0.886106 
   58           1             0        -5.686988    3.434969    0.179381 
   59           8             0        -3.555259    0.357284    1.531291 
   60           6             0        -4.119964   -0.953370    1.757682 
   61           8             0        -4.586463   -1.507549    0.538047 
   62           6             0        -2.965887   -1.741083    2.382328 
   63           6             0        -5.366559   -0.908705    2.634922 
   64           1             0        -2.704954   -1.315900    3.354608 
   65           1             0        -3.293271   -2.774721    2.522058 
   66           1             0        -2.068126   -1.748243    1.756844 
   67           1             0        -5.720838   -1.924577    2.825433 
   68           1             0        -5.111783   -0.437178    3.587692 
   69           1             0        -6.158848   -0.336726    2.150692 
 --------------------------------------------------------------------- 
Mulliken atomic charges: 
              1 
     1   C    0.524397 
     2   O   -0.330448 
     3   O   -0.264894 
     4   C    0.524736 
     5   O   -0.266077 
     6   O   -0.328064 
     7   C    0.524096 
     8   O   -0.266266 
     9   O   -0.331637 
    10  C   -0.485779 
    11  H    0.188033 
    12  H    0.190047 
    13  H    0.205467 
    14  C   -0.501874 
    15  H    0.195088 
    16  H    0.197750 
    17  H    0.225257 
    18  C   -0.485273 
    19  H    0.187694 
    20  H    0.190015 
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    21  H    0.205663 
    22  C   -0.502424 
    23  H    0.197955 
    24  H    0.225008 
    25  H    0.196273 
    26  C   -0.485331 
    27  H    0.187610 
    28  H    0.189521 
    29  H    0.205213 
    30  C   -0.502226 
    31  H    0.194740 
    32  H    0.197133 
    33  H    0.224847 
    34  Cl  -0.333441 
    35  Li   0.241946 
    36  Li   0.239070 
    37  H    0.225385 
    38  C   -0.503109 
    39  C    0.524604 
    40  H    0.194863 
    41  H    0.198119 
    42  O   -0.265049 
    43  O   -0.329823 
    44  C   -0.485356 
    45  H    0.187851 
    46  H    0.189466 
    47  H    0.205559 
    48  O   -0.330314 
    49  C    0.523711 
    50  O   -0.265395 
    51  C   -0.502020 
    52  C   -0.485475 
    53  H    0.195823 
    54  H    0.197416 
    55  H    0.225546 
    56  H    0.189665 
    57  H    0.205232 
    58  H    0.188002 
    59  O   -0.328800 
    60  C    0.524682 
    61  O   -0.265693 
    62  C   -0.502393 
    63  C   -0.485409 
    64  H    0.195530 
    65  H    0.197425 
    66  H    0.223113 
    67  H    0.187815 
    68  H    0.189713 
    69  H    0.205491 
 Sum of Mulliken charges=   1.00000 
